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SECTION I 

INTRODUCTION 

A need exists t o  develop material handling capabili ty fo r  use In 
orbi ta l  assembly operations. 
contract (NAS8-30069) with the Denver Division of the Martin Marietta 
Corporation. The primary objective of this contract was the development 
of an Experimental Material Handling Device (EMHD) having capabi l i t ies  
of: 1) attaching t o  an object1 2) s tabi l iz ing the re la t ive  linear and 
rotational motion of the object3 3) nmvlng the bbject from one site in to  
position a t  a second sites 4) inducing the or iginal  re la t ive  rotat ional  
motion t o  the object$ 5) releasing the &bjectJ and 6) performing 1 thru  
5 repeatedly. 

This dacument is the resu l t  of 8 NASA 

The contract was divided in to  five (5) segments designated Tasks A 
through E. 
study concerning development of a Man Rated Flight Material Handling 
Device (MRFMKD); Task B-Design an Experimental Material Handling Device 
(EMHD) and Target(s)$ Task C-Devise a simulation test plan for  evaluating 
the EMHD concepti Task D-Devise an EMHD P r w f  Test Procedure1 and 
Task E-Fabricate, assemble, proof test and evaluate the EMHD. 

I n  br ief  they were as folkws: Task Amconduct a f eas ib i l i t y  

Many types and configurations of Material Handling Devices were con- 
sidered i n  the feas ib i l i ty  stridy. The resu l t s  of tha t  study led t o  a 
decision t o  proceed with a mechanical grappling arm system with provision 
to u t i l i z e  a simulated adhesive attachment interface (normal adhesive 
process or electro-adhesive) result ing i n  three (3) possible grappling 
m o d e s .  
proposed Proof T e s t  Procedure were submitted t o  and approved by the 
Marshall Space Flight Center, Huntsville, Alabama. 
hardware were fabricated, p r w f  tested and evaluated a t  Martin Marf;etta 
Corporation’s six-degree-of-freedm Space Operations Simulator (SOS), 

EMHD and target  design drawings, the simulation T e s t  Plan and the 

The EMHD and associated 

The body of t h i s  report presents the major par t s  of the program i n  
the fo l lming  order: Feasibi l i ty  Study, EMHD and Target Design, Proof 
T e s t  Procedure and Results, Experiment Design fo r  EMHI) Evaluation, EMHD 
T e s t  Results, Analysis of T e s t  Results, Conclusions and Recommendations 
for  Future Studies. 

1 



SECTION I1 

FEASXBILITY STUDY RESULTS 

1. Intrduction 

The basic purpose of this portion of the programwas t o  exaxdm 
the fabricetion and use of a material handling device mounted on the 
Apallo Command/Service Module (CSM) to  determine whether such 8 system 
is feasible, To be feasible, the MRPMHD/CSM must be capable of tha 
f ollawing : 

a. Fabrication within the current or near-term expected 
state-of Wthe-art 

b. Attachment t o  a significant number of current and future 
in-orbit ebjects without damaging these objects. 

c. Despinnirtg and stabilizing appropriate target objects in 
preparation for maintenance, repair, or material transport 
operations. 

d, Support fo r  target objects during maintenance, repair, and 
transport. 

e. Accurate positioning, spin-up, and release of payloads having 
specific orientation and spin requirements. 

Within the framework of the contract's assumptions, guidelines, 
and weral l  objectives, the ME@MHD was divided in to  seven basic hard- 
ware problem areas; 

a8 

b. 

C. 

d. 

e. 

f. 

g. 

attachment devices 

s l p i d n g  interface 

impact: attenuation 

deployment structure 

CSM interface 

CSM/MRE'MHD control 

launch location 

2 



These areas are paralleled by three mn-hardware problem areas that 
determine the functional r s for the f 

a, system dynamics 

b. safety 

c, operational timelines 

In addition, an analysis was made of existing and expected targets t a  
determine the range of physical and dyaamic characteristics that the 
GSM/MRFMHD will be required to handle. 

The follrrwing sections present the results of the feasibility 
study that encompassed the eleven areas specified above. 
change i n a q  one area feeds into and influences virtually all other 
areas, the study was accrrmplished largely i n  an iterative manaer as 
illustrated i n  Figure I. However, it is  f e l t  that system dynamics is 
the me area that m a t  be understood as a foundation for a l l  others. 
Therefore, the technical discussion starts w i t h  t h i s  subject, proceeds 
t o  attachment heads, 
an analysis of system safety. 

Since a 

follows thrwgh orher areas, and terminates with 

2. System Dyaamics 

a, w c s  During Attachment -. In its sbphst form, the 
MRFMHD eonsiats of the three elements shuwn i n  Figure 2. 
provide (1) attachment to the targets, (2) a controllable spinning inter- 
face, and (3) structural attachment t a  the CSM. 

These elements 

Many references are available that present mathematical appraaches 
to  the problem of connecting two objects in  an inertial environment 
(zero-g) where the objects have different masses, inertias, and spin 
characteristics and their analysis leads ta  the forces and torques a t  
the interface between the objects and their  dynamics following attachment. 

During the course of the feas ib i l i ty  study, a dynamic analysis 
technique was used that permits simplified calculation and visualization 
of the a t t a c b n t  forces and torques and system dynamics without resort- 
ing t o  the gyroscopic interaction equations far each individual set of 
target characteristics and attachment errors. The technique, thmgh of 
a first order apprwimatiw nature, was found 
the iterative analysis described previously. 

e very satisfactory in  

In using this technique, the CSM/MRFMHD is regarded as a fixed mass 
and inertia object having zera position and attitude rates relative to  
the target p r i m  to target attachment. This hypothesis is based on the 

t r a l  analysis, Section 11-9. 
l y  as a point that can be attached at w i l l  t o  the target. 
has a midmumof one*degreeof-freedom (the sp 

and canhave more i f  required due to  attachment error 
sensitivities 

The attachment head @!A) is treated 
The 

rface axis) 
arget 
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Deployment Structure - Spinning Interface 

Attachment 
\ \  Head 

\ 
_ _ .  

Command Module 

Service Module 

Figure 2 CSM w i t h  MRFMHD 

The t a rge t  is  treated as a mass (variable i n  size, dis t r ibut ion,  
and sp in  character is t ics  over the appropriate range) that has one pre- 
dominant Characteristics the center-of-gravity (c.g. ) i s  inaccessible 
to the AH, 

The next assumption made i n  developing the technique is t ha t  
the total  angular momentum of the combined system i s  conserved during 
the attachment operation. 
thrusters  are f i red  during attachment. 

This will be the case i f  no CSM or target  

W i t h  these assumptions, the ta rge t  contains a l l  of the angular 
momentum pr ior  t o  attachment. 
with respect t o  the CSM about the available dekrees of freedom i n  the 
m, 
these axes could add up, ideally, t o  the angular momentum before 
attachment, 
system, aume d i f f e ren t i a l  w i l l  exist between the target ' s  pre-attachment 
and post-attachment angular morkntum, 
fested as a nutation of the t o t a l  system (CSM, MRFMHD, target) 
about i t s  combined c.g. I f  there i s  no nutation, the MRFMHD!s 

AH is tracking the target ' s  motions perfectly, i.e, , no net forces o r  
torques are being transmitted t o  the target  by the CSM/MEU?MHD. 

A f t e r  attachment, the target  w i l l  ro ta te  

The vector sum of the t a rge tgs  angular momentum about each of 

Hawever, unless the MRFMHI) is  a completely free  gimballed 

This d i f fe ren t ia l  w i l l  be mani- 

This 
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is the desired case for extremely delicate satel l i te  targets, 
MRFMHD axis canbe aligned and attached ta  a non-nutathg target's spin 
axis, only one-degreelof-freedom (MRFMHI) spin) is required, 
target  is nutating, the MRFMHD spin axis ahauld be aligned t o  the 
.-rget*s angular mosnentunt axis (axis sf nutatiwn cone) and the AH axis 
should be aligned and attached to the target's principal spin axis, In 
this case, the AH should be driven t o  match the principal spin rate and 
the support ( d n  MRFMllD axis) for the offset AH should be driven a t  
the nutation rate as sham in Figure 3, 

If the 

I f  the 

To stop the target after attachment, the nutatim rate should be 
nulled f i rs t ,  then the spin rate, and f i r t J l y  the AH shwld be driven 
to align with the main MRFMTD axis, 

The discussion above assumes that the driven axes i n  the MBFMHR 
can be a l igned  perfectly t o  the target's princgpal spin aad angular 
momentum (P) axes, 
follawing approach was used to  datemhe the -/Target interface 
forces and r-csrques develuped during attachment as a function of align- 
ment errors. 

&I practice, this w i l l  not be possible and the 

For practical purpaaes,the problem i s  exormined from a standpoint 
analagous te attaching tso a nollrmttrating target. 
the interface are determined as  functions of target inertia, spin 
characteristics and attachment misalignments, Note that the results 
w i l l  be similar to the case where the target is nutating and the attach- 
ment errars are regarded as the sum of the emurs i n  align%% tu the 
nutation mid body spin axes. 

Forces and torques on 

Star t ing with an angular misalignment caae as illustrated in  
Figure 4, the AH axis ia pointed a t  the target's c.g,* but is misaligned 
w i t h  the targetXs spin axis and w i l l  attach at a p i n t  off this axis, 
At attachment, assuming a r i g i d  &ttacbment is achieved, the target is 
forced to rotate abaut the AH axis. The component of P parallel ta  
the AH axis remains rn that axis, The remainder of P (component per- 
pendicular to  the AB axis) is delivered impulsively during attachment 
to the combined CSM/MRRlHD/Target: through forces and torques a t  tho 
attachment point. Xf the target mass I s  smal1:aampared go the mags o;f 
the CSM/MRFMHD, the target w i l l .  see th i s  effect as an impulsive tcwque 
about a transverse axis that changes i t a  angular momentum by the Ctff-AH 
axis increment, AP,  
then, by fundamental rules, the average moment required, N, i s  given by 

I f  T is the duratien cof the impulsive mment, 
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At this point, it: is worthwhile tct.examine a numerical example 
of th i s  relationship t o  understand i t s  importance, 
from what might be described as the mid-range of values specified is 
the contract's Assumptions and Guidelines, is as fo l lws :  

The example, chosen 

(moment o-f iner t la  about target's 
2 5 * 50 slug f t .  - - - 

spin axis) 

w = 28.6 revulutions/min 3 radians/sec ( target  
spin rate) 

5, $) * 0,l rad€an (angular misalignment). 8 = 

These give: 

AP = P s ls8  =I 15 ft. lb. sec. 

Using this value for  AP, Figure 5 depicts the mment, N, as a function 
of N ' s  duratian, T, Note t%,at the example is easi ly  madified to  put in 
other target: and angular m€salignment characteristics. 
N is a linear function of f.r. w 

reach large values i f  the t i m e  to achieve r ig id  attachment is h u r t .  
says that f a r  delioate s a t e l l i t e s ,  T m a t  be long if essent ia l ly  perfect 
angular alignment camt be achieved. 
of the axis of the AH with the target surface w i l l  describe a path almg 
the- target ' s  surface since the attachment paint (X i n  Figure 4) is not 
located on the spin axis, The length of the AHfs slippage path along 
the target ' s  surface is determined by 4, the distance to  the target's 
c.g., the initial spin rate, and the time required to  reach r i g i d  
attachment. In the example used, assume that the attachment point is 
one foot from the targe t ' s  c,g, 
spin axis, 
per seeaad re la t ive  ts the t i p  of the AH, 
fo r  one mcand to achieve r ig id  attachment, X w i l l  s l i p  1.8 inches in 
the AH'S grasp, 
ef 15 lb-ft abwr the t a rge t t s  transverse axis during this o m  second 
interval, 

For a given T, 
and sinQ, 

From this example, i t  can be seen that f31e attachment torques can 
This 

During t h i s  time, the intersection 

This places X at  1.2 inches off the 

I f  N is ap$lied uniformly 
W i t h  w = 3 radians/sec, X's lcxrus is traveling at  3.6 inches 

According ta Figure 5, the AH m a t  be applying a torque 

If the AH is not a point but consists of for  example, a four-. 
pmnged atrachment head, and thia'head ia ramting a t  the same w as 
the target,  then each paint on the attachment head w i l l  describe a 
circle cm the targeG 
coveredat thesame rate as the circle that the AH axis intersection 
describes on the target*s surface, For *e angular misalignment case 
under diacuasion, the f i r s t  order approximations of interface terquues 

These circles w i l l  be the same s i ze  and w i l l  be 
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and slippage aa functima of the variaus variables my  be computed front 
the graphs in Fwrea  6, 7, and 8, 
target's spin angular momentum, and anticipated angular attachment error 

S t t t r t i n g  w i t h  Figure 6, tab the 

and detekine OF, Gdng to Figure n- 
stant AF l b s ,  the average torque ch- 
ment t i m e  or a gLven maximum merag 
allrrwable attachment t i m e ,  A f t e r  the a t t a b &  time la det  
Figure 8 is used tu determine the AH slippage based on uniform applica- 
tiun of the attachmePt tarque. 
one-foot distance from the attachment point to the target's cog, 
the distance is larger or amftller than this, the slippage dtstance 
should be changed prmrtionately, 

The slippage distances are based a n a  
If  

The next type r>f a t t n t  errur to be considered ia the axial 
In this case, the AH spin axls misalignment as depfcted in  Figure  B, 

and the target angular momentum vector are parallel. 
attachmnt point is displaced off the spin axis by the perpendicular 
disrance Re. Again assuming tha t  the targetas mass and inertias are 
not a l a rge  fraction of the CSM's ~ B S B  and inertias, the target 
w i l l  s tar t  rotating about a new axis through X and parallel t o  i ts  
original spin axis. 
original spin axis, wL the original spin rate, w the spin rate after 
attachment, and M the targetP s mass, then basic h e s  of angular momentum 
of an object retating about an axis not passing through the object's 
c,g. give: 

However, the 

I f  IT is the target's maonent <zf inertia about its 

P = I w  T 1  
2 .  
e 2  

= $w2 +MR w 

w r  1 
w 
2 

MR2 ++ w2 

assuming angular mmentum 19 conserved. 

Therefore, the approximate net effect of the attachment process 
is a reduction in the spin rate ( w  
torque on the AH due t o  the off-ceder r&atinn of the target. 
la t ter  torque, that tends to  peel the target off the AH, is given by 
the pruduct of the centrfpetal force (due to  eff-center target rotation) 

> 0 ) and the imposition of a 
The 
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t k s  i t a  moment arm, L, abaut the AH, Thia torque, Ne* is, therefore, 

2 N 1 Mu R L, 
C 2 e  

Using the mme mid-range example used previously and adding (1) a target 
mass of twenty slugs (this being consistent with the other parameters)* 
(2) a2 = 3 radians/sec, and (3) Re = 0,1 fsot, Nc is found t o  b8 

or 

Nc = 18 ft-lb. 

Note that, As in  the angular misalignment case,slippage w i l l  occur 
During a t  the attachment point during build-up of the r i g i d  attachment. 

rigidizing, the attachment must support a progressively larger torque 
u n t i l  Ne is  fully developed. 

effect an off-axis attachment of the type j u s t  described. This is 
due to the probable axial symmetry of both the AH and the target's 
attachment interface. In these cases,the attachment operation w i l l  con- 
vert  axis offsets into angular misalignments similar to the angular mis- 
alignments discussed earlier in  this section. 

In some satel l i te  attachment tasks, it will wt be possible to 

Although the examples treated i n  th i s  section are simplified, they 
serve to point up three significant factors. 
attachment interface (and, therefore, the target) can reach very large 
values i f  a r i g i d  attachment is made rapidly. 
of attachment errors will have direct influence on the degrees-of-freedom 
and structural characteristics that must be designed into the MRFMHI) 
system and its interface to  the CSM. 
supporting torques perpendicular to its axis during the time required t o  
develop rigid attachmant between the AH and target. 

F i r s t ,  torques on the 

Second, the size and type 

Third, the AH nnrst be capable of 

b. Dynamics During Maintenance, Repair, and Transport After 
the target is firmly attached to  the CSM/MRFMHf), the attachment interface 
nust have sufficient strength t o  withstand the fifteen foot-pound de- 
a p i n ~ i n g  torque (from Assumptions and Guidelines) and t o  support the 
target during maintenance, repair, and transport operations. 
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C&.sider f i r s t  the e f f e c t  of f i r i n g  the  CSM r eac t ion  con t ro l  system 
(RCS) quads to generate t rans la t iun .  
th ree  p r inc ipa l  axes of the CSM are: 

The forces  ava i lab le  along the 

F *i) 400 lb. 

F = 260 lb. 

X 

Y 

Fz = 200 lb. 

then, f o r  a CSM’ If the t a r g e t  mass is B$ and the  CSM mass is M 

force applied through the c.g. of t he  system, the t a rge t  will be subjected 
t o  a force FT where 

From the  contract’s  Assumptions and Guidelines, the maximum value 
of % is one-hhdred and forty-one (141) slugs. 

one-thousand (1,000) s lugs,  the maximum value of PT is 
With McsM equal t o  

141 
1141 FT = F - 0.124F. 

Therefore, quad f i r i n g s  on the CSM produce the following forces  
on a maximum mass t a rge t .  

FTX = 49.6 lb, 

FTP = 24.8 Lb. 

FTz = 24.8 lb.  

where F 

etc.  

is  the  force f e l t  by the t a r g e t  p a r a l l e l  t o  the  CSM’s X axis ,  
‘EX 

For smaller ta rge ts , the  forces  are reduced proportionately.  
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These fa rces  are those that would be exerted on the t a r g e t  during 
t ranspor t  operat ions u t i l i z i n g  the CSM RCS quads. I f  a major transla- 
t i a n  maneuver or s i g n i f i c a n t  o r b i t  change is required,  the Service 
Module's main engine (20,500 lb. t h rus t )  may be f i r ed .  
be along the CSM*s X axis and would place the KRE'MHD i n  compression, 
For a maximum mass target, FTX would be twenty-five hundred and f o r t y  
(2 54-0) pounds. 

The force  would 

I f  a t t i t u d e  changes are required,  the CSM quads w i l l  be f i r e d ,  
producing their normal couples on t e combined MRFMHD/CSM/Target. 
CSM*s inertia characteristics 

The 

2 & = 18,800 s lug  f t  (roll  axis) 

2 I& 50,300 s lug f t  (pi tch axis) 

2 = 45,800 s lug f t  (yaw axis) IZZ 

Two one-hundred (IbO) pound t h r u s t e r s  are f i r e d  to  produce the 
a t t i t u d e  contrul couples, giving a moment of t h i r t e e n  hundred (1,300) 
foot-pwmds (moment arm fo r  each: thruster  i s  six and one-half fee t ) ,  

The maximum an t i c ipa t ed  t a r g e t  moment of i n e r t i a  is on the order 
of 3,000 slug f e e t 2  with a mass of approximately 140 slugs. I f  th is  
t a rge t  is at tached to the  PlRFMHD so t h a t  the t a r g e t ' s  c.g. is twenty 
(2P) f e e t  from the combined c.g. , the t a r g e t  w i l l  add approximately 
140 x 202 or 56,000 s lug-feet2 t a  fAe CSM's moments of i n e r t i a  i n  
p i t c h  and yaw. For s impl ic i ty ,  assume tha5 this g ives  the combined 
system an  $y and Izz of 100,000 s lug f e e t  A l s o ,  assume that the 

ta rge t ' s  3,000 s lug f e e t 2  is added to  the CSM's 

& of 21,800 slug feet2.  F i r ing  the CSM quads 

w i l l  produce the following acce le ra t ion  levels: 

giving a combined IXX 
f o r  a t t i t u d e  change 

2 = 0.06 rad/sec r o l l  acceleration = b* = 2i,gd0 ilGg gtz 1300 f t  lb 

2 = 0.013 r ad l sec  1300 f t  l b  p i t c h  acceleration = a = - . . ' 100,000 s lug f t L  

2 = 0,013 ra&/sec 1300 f t  l b  yaw acce lera t ion  = fd = '-..I' ' 

100,000 s lug f t Z  

(1) North h ' r i c a n - R o c h ' e l l  data  on CSM mass proper t ies ,  not  f u l l y  
fueled,  February 1968. 
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The torque on the target  abaut the rol l  axis would be 3,000 slug 
fee t2  x 0.06 rad/sec2 - 180 f t  lb. 
this torque. 
of the target  a t  the e d of the MRFMHD boom. 
rates of 0,013 rad/sec 
conditions. W i t h  a 141 slug target,  the AH must, therefore, transmit 
a tangential force of 141 x 0.26 or 36.7 pounds to the target  during 
a pi tch or yaw maneuver. 

of 3,000 slug feet2,  the AH mst also exert a torque of 3,000 slug 
f t 2  x 0.013 radian/sec2 or 39 foot pounds on the  ta rge t  during these 
maneuvers. 

The attachment head must transmit 
In pi tch and yaw, gne ef fec t  i s  a tangential acceleration 

The a t t i t ude  acceleratlon 9 are equivalent to 0.26 f t / sec2  under the given 

I f  the target 's  + and Izz are on the order 

Note that the forces and torques transmitted by the AH t o  the 
target  during GSM a t t i tude  maneuvers are approximately proportional 
to  the target  mass and inertia characteristics. 

Ta5le  1 presents attachment head interfaee loada for  four target 
configurations as a function of CSM RCS quad f i r ings  and Service'Module 
main engine f i r ing.  
target  alone. 
the combined (CSM/MRFMHD/Target) c.g. is assumed. The X axis is the  
longitudinal axis of the system (passes through CSM c.g, and target  

The mass and ine r t i a  characteristics are fo r  the 
A twenty foot separatian between the target ' s  c.g. and 

c.g.). 

With regard t o  forces and torques generated during maintenance and 
repair operations, an attachment interfacd ahodd be capable of supporting 
these i f  the interface supports the Target No. 4 interface loads given 
i n  Table r. 
push-off from the target  with large forces i f  he is several f ee t  from 
the attachment interface. 
torques at  the attachment interface. 

The only r e s t r i c t ion  might be that an astronaut should not 

Such push-offs can create extremely large 

c. Dynamics During Spin-up and Release - The &ird stage of 
target  handling is  spin-up, i f  required, and release, 
requiring apin-up, precise maneuvering may be required t o  place the 
targets  in posit ton relative to  other objects. 
MRE'MHD could be used t o  transport and posit ion large antenna or space 
s t a t ion  segments for  assembly, 
lease these objects without delivering impulses that would disturb 
the assembly. 

For targets  not 

As  an example, the 

It i a  imperative that the MRFMHD re- 

A potent ia l ly  more d i f f i c u l t  task i s  presented i f  the target  re- 
quires precise spin characteristics at ,  and following, release. 
a target  of this type, a predetermined spin rate must be develope 
by the main MRE'MHD spin axis. 
should be aligned t o  t h i s  axis before spin-up i t 3  i n i t i a t ed  i f  past-re-. 
lease nutation is::&o be avoided. This also allows the CSM's roll 
thrusters  to counteract the CSM's reaction ta the spin-up torque. 
men the spinning target  is released, any transverse moments exerted 

For 

Note that the desired target  spin axis 
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on the target  by non-uniform release w i l l  produce nutation i n  the 
target. The t i m e  in tegral  of these release 1nommt3, therefore, m a t  
be small e m g h  that: the ta rge t  nutation is w i t h i n  the control range 
af the t a r g e t v s  nutation dampers. 

3. Attachment Heads 

This portion of the MRFMHD feasibility study covered the methods 
available t o  make and break a mechanical link between the CSM/MRFMHD 
and the target. 
potential  AH t o  establish its capabi l i t ies  and llmitationa. 
followed by selection of the beat head-that could a l so  be impraved 
easi ly  with advances i n  the state-of-the-art. 

The approach used in the study w a s  ta examine each 
This w a s  

The heads may be divided in to  two basic categories1 adhesive and 
Included in the former are thermoplastics, contact ad- wn-adhesive. 

hesives, twu-component "epoxy" type systema, and electro-adhesors. The 
non-adhesive category includes a l l  types of mechanical hands, nets,  
encircling arms, penetrating probes, etc. 
pmbes, and mQmentum-prupelled enwrapping arm8 can be discarded h d i a t e l y  
due to the i r  a b i l i t y  t o  damage external s t ructures  (antennas, solar  
panels) and/or internal  parts, 
maining potent ia l  devicds. 

O f  these, nets, penetrating 

!Phe following material covers the re- 

a. Adhesive Attachment Heads - Intui t ively,  one of the most 
appealing AH concepts is a head wLth a sticky interface that would 
bond t o  a selected ta rge t  point on contact, 
be located a t  any convenient point on the ta rge t  and the attachment would 
nut re ly  on cooperative interfaces such a s  those used for  docking. W i t h  
t h i s  thought i n  mind, a number of studies have been conducted t o  develop 
a n  adhesive attachment system for  use i n  space (Refs. 1,2,3,4,5,6,7). 
Begore discussing these studies and other references that relate t o  the 
adhesive prablern, it is  worthwhile t o  examine v a r i w  categories of 
adhesives and define the terminology associated with i?hem. 

The attachment point could 

The adhesive attachment systems examined during this study fa l l  
i n to  the following basic categories: 

i. 

ii. 

iii. 

T h e m p l a s t i c  - Substances tha t  suften and becume tacky 
(capable of w e t t i n g  and sticking to a targe t  surface) 
when heated t o  the i r  working temperature, 

Two-component systems = Two chemical substances that ,  
when mixed, generate chemical reactions that  cause, u r  
increase the speed of, the se t t ing  of the mixture. 

Pressure sensi t ive and contact - Substances possessing 
tack throughout the i r  working temperature range without 
the addition of heat or chemicals. 

2 1  



iv. Themse t t ing  - Fluids, o r  soltds t ha t  become f lu id  when 
heated i n i t i a l l y ,  tha t  sol idify with the application of 
heat. 

v. E l e c t r d h e s i v e  - Devices tb.at develop suff ic ient  electrrw 
static f i e l d  across an interface t o  hold the interface 
together. 

With the exception of the electrocadhesives, the a t e g s r i e s  above 
are not mutually exclusive. 
tgought of as a contact adhesive since surfaces coated with t h i s  material 
w i l l  bond together i f  brought ingo contact at  roam temperature, However, 
i f  the r w m  temperature was  -100 F, the rubber cement would have ta be 
heated t o  l iquify it priczr t o  use, the surfaces t o  be bonded would'have 
to  be heated, and, in that context, we would describe the cement as a 

For example, ordinary rubber cement is 

thermoplastic. 

Similarly, some of the two-component systems are basically them- 
setting resins (eogp urea, epaxy, phenolic) t u  @hi& a catalyst  is added 
to  i n i t i a t e  the curing prwess  at reduced temperatures. 
reaction is frequently exothermic, hasLening the cure cycle. 

The ca ta ly t ic  

h the material that  follows, the adherend is the target surface 
t o  which the adhesive must attach and the working temperature of an 
adhesive i s  t h a t  temperature o r  temperature range i n  which the ad- 
hesive is capable of wetting the adherend. 

A l l  of the adhesives that are discussed have the potent ia l  t o  form 

Such a bond w i l l  
a sa t i s fac tmy bond ( i r e p )  capable of supporting the system dynamic 
loads) i f  they are applied properly t o  the adherend, 
remain in t ac t  if the adhesive support is properly designed. 
c r i t i c a l  fac ta r  i n  this support is designing to minimize peel loads 
(torques on the bond about an a x i s  i n  the plane of the bond) since ad- 
hesives are considerably weaker i n  peel than i n  t ens i l e  o r  shear strength. 

The m a t  

Emerson Electric Company, while performing a study under A i r  Force 
sponsorship (Ref. l), examined twenty-four adhesives i n  combination with 
eight typical  aerospace ( sa t e l l i t e )  adherends under a variety of tem- 
perature and vacu conditions. Their r e su l t s  indicated that cyanw- 
crylate  adhesivesw ( Eastman 910 and Locktie 404) could be used in 
apace i f  a suitable application ~ ~ t h o d  can be developed. 
t ion  pmblem develops because these adhesixes develop an inhibit ing 
"skin" when exposed t o  vacuum. 
and exposed to vacuum a t  the Onstant the AH contacts the target. 

!L'he applica- 

%erefore, the f lu id  must be released 

Another aignificsant r e su l t  of Emerson's study was that  none of the 
adhesives tested w e r e  capable of forming a band over the complete t a rge t  
temperature range expected (-250% t o  +250%), 
adhesives are used i n  the AH, means must be provided t o  preheat the 

(2) -cpkkttqiaa kdheiaiyes are contact-type f lu id  adhesives tha t  
polymerhe and s b t  when s u b j s t e d  ta prsssum mx the bemil line. 
(Ref. 7 pp. 409-414). 

Therefore, i f  current 
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adherend t o  a suitable temperature, Generally speaki 
mre would be on the order of O°F for pressure sensit 
700F for two-component systems, and 30WF or h i  
adhesives, 

The Nat i -1  Cash Register Go., under Air 
an adhesive pad to provide astronaut attachment p 
the astronaut performs extravehicular a c t i v i t i e s  
(Ref, 8 )  examined several adhesives i n  the p res  
component categories, 
use i n  space, Eastman 910 was selected. 
ta be beneficial as a catalyst  to speed the curing process, 
Cash Register has successfully encapsulated these earnpounds (using the i r  
&.croencapaulatim pracesses) to make them suitable for  use i n  space i n  
pad form. The dry capsules are mixed together i n  &e pads, On contact 
with the target, the capsules i fupme when campressed with a force of 
two to four pounds per q u a r e  inch, the campazads mix, aad a sui table  
bund is aohieved on the target  i n  less than fihirty seconds. 
temperature m a t  be maintained above 0% during the curing interval. 

After screening t u  find 
D i m t  

National 

The target 

Tke c c d i n a t k m  of the Emersun and National Cash Register studies 
therefore indicates tha t  Eastman 910, furnished by Eastrman Chemical 
Products, a subsidiary of Eastman Kadak, could become the basis for 
a successful space adhesive system. The basic problems to. be solved 
for the system are (1) preheating cold targets,  (2) repknishing the 
adhesive pads to prrmide a suff ic ient  nwber of attach/detach cycbs, 
and (3) holding the adhesive i n  position during the Amre interval. 

Another group of contact adhesives that have potential, but  lack 
suff ic ient  testing and dacumentatian at th is  time,.are the Albprene 
chlorinated rubber adhesives produced- by I, C. I, Organics/ Incorporated, 
a subsidiary of 1.C. I, America Incorporated. 
i n  reference 9* might be handled i n  a manner similar ta the cyanoacrylates. 
The chlorinated rubber base material would re u i r e  preheating of cold 

weakening. 

These materials, described 

targets and extended use on targets abwe 200 % could resu l t  in bond 

FTith all of the contact adhesives described, preheating of cold 
Equally important, the adhesive m a t  be heated 

However, preheating the 
targets is required. 
to above O°F ta achieve satisfactory bends. 
adhesive en the MRFMHD can be accomplished relat ively easily with re- 
sistance heaters (Ref. 6 )  and is not considered a technical problem of 
the same magnitude as target  preheating. 

Martin Marietta., under contract to  the National Aeronautics and 
Space Administratian, developed an adhesive attachment button for use 
i n  space (Ref, 5). A thermosetting film, FM-98 (70% aluminum 
f i l led)  supplied by the Bloomingdale Department of Amerlcan Cyanamid 
Corpcvratiun, w a s  used in the adhesive interface. The one square inch 
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pad was heated w i t h  ninety-sig watts for 15-20 seconds t o  produce 
bond-line temperaturea of 400 F that cured the epoxy. 
second impulse delivered to the button during heating was suff ic ient  
to seat the softened epoxy fi lm on 
line temperature must be munitored with a thermeeosrple to insure 
suff ic ient  heating while preventing excess heating. 

Bonds made on adherends a t  roam temperature were cooled to  -250%' 
and t ens i le  tested to failure.  The fa i lure  k i d s  ranged f r m  th i r teen  
to eighty pounda on the one sguare inch pad, 
i n  Figure 10 w a s  placed on the back of the pads to prevent development 
of peel loads on the bond-line, 

A one pwnd 

the aluminum adherend. The bond- 

A swivel jo in t  as shmm 

c 
I With swivelled pad, support arm 

aligns with force A, resolvigg 
A in to  shear, B, and tensi le ,  
C, forces on the pad, 
prevents develupment ef torques 
about D that would open the ad- 
hesive joint a t  E. 

This 

Figure l o  Adhesive Pad with Swivel t o  Prevent Peel Loads 

As i n  the case of adhesives discussed previously, the adherend 
temperature must be higher than O°F for  t h i s  system t o  work preperly. 
A t  t h i s  adherend temperature, the adhesive and heater can supply 
Sufficient heat to the adherend t o  permit adhesive wetting of the 
adherend. Since t h i s  is a thermosetting system, the adhesive button 
must be replaced for each attach/detach cycle. 
other thermosetting system, has the particular requirement for  signi- 
f icant  heating t o  activate and cure the adhesive, 

This system, or any 

The need to refurbish the thermsetting adhesive led t o  exami- 
nation of thermoplastic adhesives. 
the adhesive can be used for  several attach/detach cycles. 

These have the advantage that 
A single 
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pad wmld be useful u n t i l  the cwrmlative adhesive loss tu  the targets 
degraded the pad significantly.  

One of &e most suitable adheaives examined i n  th  
phenoxy thermaplastic r e s in  developed by Unlon Carbide P 
(Ref,, LO), 
character is t ics  that indicate they could sa t i s fy  the AH requirements. 
They are thermally s tab le  to 600- but require heating to only 300% 
or above ta become fluid* 
thermoplastic rubber. 
its glass  t r a n s i t b n )  d e n  caoled to 210%. 
the material remains highly impact resistant at temperatures dawn to 
-40°F. Although 110 tes t  data w e r e  faund d m  to -2500F, the l i t e r a tu re  
indicates satisfactxwy material properties a t  least: to -800F. 
hesive heater shwld  be capable af maintaining the adhesive a t  tempera- 
tu res  above t h i s  level  owe the  b~,nd is achieved, 

These are high molecular weight cornpaunds 

From ZlOOF to 300?i?$ phenoxy behaves like a 
L t  transforms to a r ig id  material (goes through 

T e s t s  (Ref. 10) indicate that 

ThB ad- 

With phenmy resin,  the bond-line mst reach a temperature abme 
300- i n  order for  the adhesive to w e t  the adherend. Therefere, unless 
the t a rge t  is a poor heat sink that  does nut draw heat away f r m  the 
bond-line, the adherend must be heated to  the adhesive working tempera- 
ture. Several methods are available to perform this operation but none 
has been developed and proven fw use in space, Radiant heaters  may be 
used pr ior  t o  target  csatact and conduction heaters a f t e r  contact. 
Kolb (Ref. 11) has described a method for heating thermoplastic bond- 
l ines  with ultrasonic energy. The high frequency vibrations are  trans- 
mitted through the p l a s t i c  t o  the mechanically-loose bond-line. 
the vibratory energy is converted to heat as the thermplas t ic  vibrates  
against the adherend. 
tha t  heat is generated at, and only a t ,  the desired location. However, 
once the bond is achieved,’ the ultrasonic method cannot be used to heat 
the interface for  disengagement since the ikltrasunic energy w i l l  pass 
through the bond-line and diss ipate  i n  the t a rge t  structure wi thout :  
s ignificant heating a t  the bund-line. This factor,  plus the possible 
requirement for  law-level, steady-state heater operation to maintain 
the adhesive above some detrimental temperature range, leads ts a re- 
cormdendation of conductive o r  combined radiant/wnductive heaters I f  
thermoplastics are used. 
ture drops beluw the working temperature, excess heating must ba 
avoided, 

D. J. 

Here, 

This system appears desirable from the standpoint 

Since the bund will not set u n t i l  its tempera- 

When the AH is separated from the adherend, a thermoplastic w i l l  
tend to separate where the temperature is highest. Therefore, resis- 
tance heaters  cannot be used i n  a thermoplastic pad during detachment 
i f  the pad is intended fo r  re-use since the adhesive would separate a t  
the heater. 
adherend and conduction mst carry lt  through the adherend body to  the 
bond-line. 

To separate sa t i s fac tor i ly ,  heat must be applied to the 

Maximum adhesive w i l l  be retained on the pad using t h i s  



procedure. 

Another adhesive concept examined during the study is  the  e lec t ro-  
s ta t ic  adhesion system developed and studied by Chrysler Corporation 
Space Division under NASA con t rac t s  (Refs. 3 , 4 ) .  These heads develop 
a t t r a c t i v e  forces with e l e c t r o s t a t i c  charges on the  AH and adherend. 
A poten t ia l  of severa l  thousand v o l t s  i s  applied between the  AH and the 
adherend. They a re  separated by a t h i n  d i e l e c t r i c  f i lm on the AH, The 
d i e l e c t r i c  polar izes  and opposite e l e c t r o s t a t i c  charges develop on the 
t a rge t  surface. The product of the  f i e l d  s t rength  (voltage d i f f e r e n t i a l  
divided by f i lm thickness or  AH/Target separation) t i m e s  the  accumulated 
e l e c t r o s t a t i c  charge determines the "adhesive" force,  
(Refs. 3,4) i nd ica t e  t h a t  "adhesive" forces of several  pounds p e r  square 
inch can be developed on aluminum adherends under laboratory t e s t  condi- 
t ions.  However, the d i e l e c t r i c  must remain i n t a c t ,  insu la t ing ,  and 
capable of being polarized over the  -250°F t o  +250°F range t o  use t h i s  
head on the MRFMHD. No state-of- the-ar t  d i e l e c t r i c  has been found t h a t  
w i l l  s a t i s f y  t h i s  requirement, However, temperature cont ro l  of the 
in t e r f ace  could make the head prac t ica l .  I f  t h i s  i s  done, problems w i l l  
remain, namely (1) test d a t a  ind ica tes  several  seconds a re  required f o r  
force  decay a f t e r  power i s  removed, thereby complicating the separat ion 
problem, (2) surfaces  t h a t  are rough, d i r t y ,  extremely conductive, o r  
highly insulated a r e  more d i f f i c u l t  t o  a t t ach  to ,  (3) the  heads a r e  very 
suscept ible  t o  peel forces ,  and ( 4 )  the  heads requi re  use of high voltages 
a t  the attachment in te r face .  

Reported r e s u l t s  

The adhesive attachment systems discussed i n  t h i s  sect ion,  including 
the  e l e c t r o s t a t i c  heads, represent  those systems t h a t  appear promising 
for  an adhesive in t e r f ace  on the AH. Table IIsummarizes the  per t inent  
information f o r  these systems. The problems associated with providing 
a su i t ab le ,  dynamic, mechanical support f o r  any of these systems a r e  
discussed i n  Sect ion 1 1 . 3 . ~ ~  

b. Non-adhesive Attachment Devices - The apparent thermal control  
and refurbishing requirements fo r  adhesive heads point  up the need t o  
consider non-adhesive attachment heads. One of the  prime cri teria fo r  
such a head i s  t h a t  i t  must take the form of a cont ro l led  manipulator. 
Any uncontrolled enwrapping arms or  snares would almlxt c e r t a i n l y  
damage o r  destroy exposed s t ruc tu res  and equipment on c e r t a i n  ta rge ts .  

In  view of the  physical va r i a t ions  i n  s a t e l l i t e s  (Section 11.4), 
t he  non-adhesive, o r  mechanical, AH m u s t  have the capab i l i t y  to  grapple 
the  t a rge t s  i n  a va r i e ty  of  ways. This assumes t h a t  the t a rge t s  a r e  
not  i n t en t iona l ly  equipped with cooperative attachment in te r faces .  
i s  the  case with cur ren t  satellites. However, a number of ex i s t ing  
s a t e l l i t e s  (Explorer, Echo, Tiros ,  Relay, Syncom, Discover, Trans i t ,  
e tc . )  have been orb i ted  by Scout, Delta, and Thor-Agena launch vehicles  
i n  configurat ions such t h a t  the s a t e l l i t e s  have payload separat ion flanges 
o r  s t ruc tu res  remaining on t h e i r  surfaces  (Ref. 12). These flanges o r  

This 
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s t r u c t u r e s  range from e i g h t  t o  twenty-five inches i n  diameter and are 
generally placed symetrically with respec t  t o  the  sp in  axis 
sp in-s tab i l ized  s a t e l l i t e s .  Therefore, these  flanges o r  str 
be regarded as semi-cooperative attachment in t e r f aces  t h a t  are ava i l ab le  
f o r  non-adhesive grappling. 

In  order t o  handle those satellites not equipped with semi-coopera- 
t ive interfaces and the  v a r i e t y  of t a r g e t s  t h a t  can be c l a s s i f i e d  as 
bulk material packages i n  space manufacturing o r  s t r u c t u r a l  assembly 
operations,  t he  mechanical AH m u s t  have a "hand" t h a t  can ad jus t  t o  a 
wide range of t a r g e t  s i z e s  and shapes. 
of t he  bas ic  an t ic ipa ted  volume configurations t h a t  must be handled. 
The head must be rugged enough t o  handle the  l a r g e  objects.  
c i e n t  s t r u c t u r a l  s t rength ,  t h e  head could a l s o  be used as a prod o r  bumper, 
i f  required,  t o  alter t a r g e t  dynamics t o  a id  i n  subsequent assembly o r  
attachment operations. 

Figure 11 i l l u s t r a t e s  a summary 

Given s u f f i -  

Taking these  f a c t o r s  i n t o  consideration, t he  bas ic ,  two-armed, 
mechanical AH shown i n  elementary form i n  Figure 12 was designed. 
a trade-off aga ins t  a three-armed configuration which is inherent ly  
more s t a b l e  a f t e r  attachment, t he  two-arm system was chosen because; 
(1) clamping forces  l i e  i n  the  plane of t h e  arms, (2) t h e  arms occupy 
a plane, r a the r  than a volume, thereby simplifying the  approach t o  and 
grappling of t a r g e t s  having d e l i c a t e  appendages, (3) two arms are i d e a l  
f o r  clamping on boxes and octagonal sided objec ts  s ince  the  arms approach 
t h e  objec t  surfaces perpendiculary, (4) with given a r m  s i z e ,  two arms 
can grapple a l a r g e r  t a r g e t  than a three-arm system, (5) when grappling 
long cy l inders  o r  box sec t ions  a t  t h e i r  cen te r s  (approach perpendicular 
t o  long axis), the  two-arm grappling cen te r  coincides with t h e  MRFMHD 
axis while a three-arm AH would o f f s e t  t he  t a r g e t  cen te r  from t h e  MRFMHD 
a x i s  as shown i n  Figure 13, and (6) t h e  moment of  i n e r t i a  of the  two arms 
i s  smaller chan the  moment of iner t ia  of th ree  arms, thereby reducing 
loads on t h e  M ! !  s t r u c t u r e  and sp in  drive.  

I n  

Consideration w a s  a l s o  given t o  a four-armed head cons is t ing  of  
two s e t s  of independently con t ro l l ab le  arms as i l l u s t r a t e d  i n  Figure 14. 
This head would have the  c a p a b i l i t i e s  of  t h e  two-armed head plus the  
option t o  u t i l i z e  a l l  four arms to: (1) enhance post-contact s t a b i l i t y ,  
(2) reduce any angular misalignment tendency, and (3) eliminate any 
p o s s i b i l i t y  of axial misal&gnment when grappling symmetric t a rge t s .  
Tne main problem associated with t h i s  system would be t h e  necessary 
hardware and con t ro l  complications. A t  the  present t i m e  the  four-armed 
head i s  not f e l t  necessary t o  enable d e f i n i t i o n  of  BEtPMHD problem areas-  

Remote manipulators s a t i s f y  the  c o n t r o l l a b i l i t y  requirements fo r  a 
mechanical AH by using fo rce  feedback and the  operator 's  sensory system. 
Developed fo r  rad ioac t ive  materials handling, underwater work and 
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Sizes  limited only by launch or assembly constraints 

“ I  1 

Figure 11 Bulk Material Configurations 
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similar tasks, t h i s  type of manipulator consists essentially of anthro- 
patwrphic mechanical arms and hands connected through a bblateral  
servo-contra1 system t o  a master s t a t inn  manned by the human operatm, 
In performing tasks, the servo-mechanical system moves to  duplicate the 
motion of the operator 

However, the remote manipulators represent an cvverly ccrmplex system 
to sa t i s fy  the material handling problem. 
manipulabrs could be designed t o  support tlm dynamic loads, but due t o  
the i r  weight and basic complexity, remote manipulators were ruled out 
for  MRFMHD applications. 

It is assumed t h a t  rem&e 

c. Selected Attachment Device - Eased on the conaiderat5om pre- 
sented in  the preceding sections , an integrated adhesive/me&ankal AH 
concept w a s  developed, 
following additions that make it mre versat i le .  

The prime AH is  the two-armed grappler with the 

The grappling pads at the outer ends of the arms should haye a can- 
figuration similar t o  the one sham i n  Figure  15. 
swivelled pads can pivut In one direction t o  make the grappling surfaces 
para l le l  across a wide range of arm openlnga. 
a re  mechanically restricted sa that a target  projection can be grasped 
without having the pads pivot outward and lose the i r  grip. 
a hook projection i s  incorporated i n  each arm adjacent t o  the pads. 
These can be used t o  grapple ta rge ts  by opening the arm8 a f t e r  the 
ends are inserted in to  a s u i t a b l e  t a rge t  cavity or open-center flange. 
Finally, pads are incorporated on the arm inner surfaces t u  cushion 
objects that  are encircled by the arms. These pads should be composed 
of suitably bound packets of material such as steel woolc?kat, w i l l  remain 
r e s i l i en t  over the expected range of temperatures. 

The single-axis 

A t  the same time, the pads 

In add€t im,  

The next i t e m  to  be considered is the adhesive &I. Two c r i t e r i a  
F i r s t ,  the 

Second, the head shwld be easily de- 
The attachment operations described i n  the system dynamics 

were develuped concerning i ts-configuration and location. 
bead should be physically protected during material handlhg operations 
using the two mechanical arms. 
ployable. 
section require &at (1) the Bead be symmetrically located aborat the 
MRFMHD's main spin axis and (2) the pads muat incorporate degrees of 
freedom to  allow the pads t o  fullow the target  during adhesive setup. 
The latter requirement is based on the AH slippage. The size of the 
a l lmab le  motion within these degrees of freedom w i l l  depend un the 
simulation r e su l t s  from Task E (position and angular offsets  at 
attachment), 

The adhesive AH must be composed of several pads, as opposed to one 
central  pad, in order to  develop suf f ic ien t  strength t o  support &e AX 
torque loads and t o  provide attachment s tab i l i ty .  
three-pad and four-pad AH'S were considered. 
automatically conform to the target  i n  the same way a tripod sea t s  on 

During the study, 
A three-pad AH would 
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Figure 15 Pad Configuration for Use on Two AH arms 
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an i r regular  surface, -ever, i n  order for  a t a rge t  to be grappled 
in  a stable  manmr, the line connecting the c,g.'s of the target  and 
CSM must pass through Che area whose periphery i s  defined by a series 
of lines connecting, the pads. 
pads, a four-pad AH provides twice. as much s tab le  area as a three-pad 
AH, The four-pad AH alas, provides an axial ly  symmetric array of pads 
which should give be t te r  v i sua l  cues t o  the operator who w i l l  attempt 
to place ehe mrget's cog. i n  l i ne  w i t h  the MRFMHD axis. 
the f a r  pads may be placed i n  pairs on e i the r  side of the plane de- 
fined by the two meckanical arms. 
pads w i l l  seat on a cylinder with the plane of the pads para l le l  to  the 
ax i s  of the cyliner. 
perpendicular te the ax is  of such a cylinder. 

W i t h  a given spacing between adja 

In addition, 

Another consideration is that four 

With three pads, the MRFMHD axis would not be 

With these factors  i n  mind, a four-pad adhesive AH, as shown i n  
Figure 16 waa selected. 
mation to  seat on an irregular  target. In order t o  provide the pro- 
tection described previwsly,  the pads are outside the circle of the 
twa we&azhal ~rag18. The pivot pzoin.ts of the two arms are placed in- 
ward dong the MRFMHTl so tha t  when the a m  are rotated t o  the i r  f u l l  
open pusition, they expose the adhesive AH and do not obstruct i ts  opera- 
tion. 

The pads can undergo independent longitudinal 

An additional grappling mode can be prWded i f  the adhesive AH 
can be extended and rerracted. 
design, target8 of varying s izes  may be grasped simultaneouely by the 
four adhesive pads and the ends of the ~XQ mechanical arms. 

If this feature is incorporated i n  the 

Going back to  the basic adhesive head, the adhesive attachment head 
must be able t o  follow the r e l a t ive  circular  motion between the target  
and the MRl?MHD boom caused by alignment: errors,  The motion of the 
adhesive attachment head must not be allawed t o  couple with the MRFMHD 
compressive motion. 
targets surface. 
targets, two concepts w e r e  devised aa i l l u s t r a t ed  in Figures  l h  and b. 
The former "Closet Door" concept allms the head t o  move only i n  the 
plane perpendicular ta the MRFMHD boom. In the latter i l l u s t r a t ion ,  
the two pivot points are attached t o  the buom but rotate alluwing the 
two rads t o  mare the head above and below tbe pivot points. 
t i m e  the rods can move through the pivot points, thus a circular motion 
i a  achieved i n  the plane perpendicular t o  the b w .  The radFus of the 
adhegive head c i rcu lar  motLon perpendicular t o  the boom w i l l  depend on 
the alignment errors 88 determined i n  the simulation (Task E), 
that  alt. of these degrees of fseedom,w;tth the exception of the head 
b a l l  joints,  must be subject to controlled damping t o  stop r e l a t tve  
motions between the CSM/MRFM€ID and the target a f t e r  the adhesive sets. 

This would allm the head to  peel off from the 
To prevent the coupling and result ing peal from the 

A t  the same 

Note 
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With regard t o  the actuation of the mechanical elements i n  t h i s  
combined mechanical/adhesive attachment system, the principal problem 
is the controlled, re l iable  opening and closing of the two half-circle 
arms. This problem can be handled effectively using the concept shown 
i n  cutaway form i n  Figure 18. 
harmonic dr ive un i t  that provides high torque a t  low r p m  on the output 
shaft. 
HDUH-10-72-2 that is used t o  drPve the video data storage head i n  CBS 
Laboratories' high vacuum "Recorditron" (Ref. 13). The ball-screw 
drive is of the type furnished by Walter Kidde and Company (Ref. 14) 
and it  should be lubricated using Ball Brothers Vac Kote process 
(Ref, 15) o r  an equivalent. 
on the two arms2 it may be advisable to  incorporate a s t r a i n  measuring 
system into the arms. Connecting the output of t h i s  system into a CSM 
cockpit display audible warning system or a force-feedback controller 
would reduce the probability of crushing a delicate target,  

The DC motor is hermetically sealed i n  a 

This un i t  i s  an extrapolation of USM Corporation's model 

In order to  monitor forces between the pads 

The AH described to  t h i s  point would be capable of attaching to  a 
wide variety of targets using the following modes: 

f. 

ii. 

iii. 

iv . 
V. 

Mode 

grip between the pads on the! ends of the two arms, 

encircle non-spinning objects and grip with the two arms, 

expansion grappling i n  target cavities using the hooks 
en the outer ends of the two arma, 

adhesively attach with the four-pad adhesive AH, 

g r i p  between the adhesive pads and the ends of the 
two arm3 ( i f  the adhesive AH can be extended and 
retracted). 

iv.. above, can be used on nutating s a t e l l i t e s  i f  the nutation 
cone motion LS within the l id ts  of the degrees of freedom of the pads. 
I f ,  however, the target's nuta t im exceeds these limits, the MRJ?MHD as 
described w i l l  not be able to  make a low farce and torque attachment. 
Although t h i s  is not expected to  be the typical s i tuat ion on s a t e l l i t e  
ta rge ts  i n  view of the passive nutation dampers incorpwated i n  many 
s a t e l l i t e s ,  the problem could arise on an important target. 
methods w e r e  examined to  expand the MRFMHD's capability t o  handle delicate 
nutating targets. 

Therefore, 

Two basic options are feasible for solving th i s  problem, F i r s t ,  the 
MW9EID boom can be made flexible or  pivoted so that  i t  can follow the 
target's nutation. 
the CSM and the main NRFMHR spinning interface. 
the target ' s  nuratiun r a t e  (rate a t  which the principal spin vector 
traverses the nutation cone or space cone) d i f f e r s  from the principal 
target spin rate.  

The capability would be bu i l t  in to  the boom between 
Note that ,  i n  general, 

Therefore, the MRFMHD w t i o n  that  f o l l w s  the nutation 
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must be driven a t  a different  r a t e  than .the main MRFMfOD spin. I f  the 
ent i re  outer end of the boom is driven to fallow the nutation, signifi-  
cant power w i l l  be required and the CSM w i l l  react  in a noticeable manner 
to  this  motion. Because of these effects,  a second method was imresti- 
gated. l.n it, a aupp-ntary A l l  is pruvided t o  attach to  targets  with 
relat ively large nutation mtions. 
AH is  grasped between the pads c+n the two arms ( th i s  would also be the 
power and control interface) and u t i l i zed  in the follcrwing wwler. 
the MRFMHD axis would be aligned with the target ' s  principal spin axis, 
The am would then be extended u n t i l  the attachmmt head is displaced 
off the MRFHHD axis by the same amount the targ a ttcachment paint (on 
the target's principal spin axis) is displaced off the nutation cone 
axis. The supplementary AH arm wauld then be pitched u n t i l  the attach- 
miat head is i n  angular alignment with the target spin axis. 
ment head wau ld  be driven at the target's spin r a t e  and the main MRFMfo) 
axis would be driven a t  the t a rge t f a  n u t a t b n  rate.  
attachment wauld &en be carr ied aut. 

shown in Figure 19, the supplementary 

F i r s t ,  

The attach- 

Final closure and 

A s  a minimum, e i the r  the p i w t e d  MRFMHD ar the supplementary AH 
w i l l  present a d i f f t c u l t  control problem to the operators, 
on the potential  acceptability of e i ther  s f  these methods or some other 
method w i l l  depend an the simulatio-n r e su l t s  concerning the operamrjs 
ab i l i t y  t o  a l ign  and attach w i t h  the basic MRFMHD described previously, 
It is expected that the s h u l a t i o n  w i l l  include a test i n  which a variable 
off-axis point on the  MRFMHD, such as m e  of the pads on the two arms, 
must be aligned with a rotating, off-axis point an the target. 
t h i s  t e s t  should indicate the degree of accuracy attainable i n  aligning 
t o  a nutating target*s  principal spin axis, 

Judgement 

Data from 

4. Targets 

As stated previously, the expected targets fall into two categories. 
F i r s t  a re  the balk material packages and s t ructural  elements that were 
i l lus t ra ted  i n  Figure 11. 
Note tha t  as the target  size incfeases, the CSM becomes more ef f ic ien t  
a s  a prime mwer becauae its mass beawes a smaller fractiun of the collp- 
bined system mass. 
large packages w i l l  obscure the view out the CSM windows and transport 
operatims, with other objects i n  the v i d n i t y ,  may not be practical. 
In these cases, the MRFMHD w i l l  s t i l l  be useful since it w i l l  provide 
a docking interface t o  the targets,  

These may vary i n  s ize  w e r  a wide range. 

However, unless additional viewing aida are provided, 

With regard to smaller material objects, the CSM/NRFMHD can be use- 
f u l  i f i  retrieving objects ranging f r a m  film cassettes and too ls  t o  
astronauts with disabled maneuvering uni ts ,  

SatellFtes of ax1 types are contained i n  the second target category. 
The following pages present thecharacterist ics of twelve representative 
satellites that fall within the limits established by the contract 's 
Assumptions and Guidelines. In  addition, they prgvi.de a variety of 
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configurations tha t  can be examined i n  cunjunctihn with 
attachment system, 
satell i te chara 

Discussion of t h i s  subject follows t 

Energetic Par t ic le  Explorer - I) 
(Explorer 

Weight: 101 lbs, approximately (Subsystems 70 lbs, 
Miscellaneous - 31 lbs). 

Spin Rate: 

Center of Gravity: 

(final - 25 rpm. ) 

(from separation plane) 
Paddle Extended - 11.41 i n  above plane 

Paddle Folded - 8.45 in above plane 
2 

Moments of Inertia:  R o l l  - Paddles &tended - 5.41 slug ft 
- 2  

Paddles Folded - 2.14 Slug f t  
2 

Pitch Paddles Extended r* 3.95 slug f.t: 
Paddles Folded - 4,90 slug f t  2 

Date of Launch: December 21, 1964 

Launch Vehicle: Delta (X-258 third stage) 

Operational Statxst Not transmitting 

Mission: TQ study the injection, trapping, and loss mechanlsms of 
the trapped radiat ian bel ts  (natural and a r t i f i c i a1 ) i  the 
energy spectrum and the pitch * angle dia t r tbu t ion2f  
par t ic les  as a functian of the distance from-thewurface 
of the earth a t  the geomagnetic equator are to  be monitored 
for  a period of me year, 

Stabil i ty:  Explorer XXVI has two nutation dampers, 

Dimensionar Overall Measurements (with paddles extended) 

-74.125 in. x 60.875 in, 
Across the  flats - 
Paddle (each) * 20- 

Length of antennas 
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Perigee: 310 km 

Apogee: 26, 200 km 

Inclination: 20° 

(Current Orbital E W n t s  not 
maintained) 

Period: 456 minutes 

I l lustrat ion:  Figure 20a 

Beacon Explorer 
(22 and 27) 

(S-66) 

Weight: 124 lbs  (132 lbs, including separation mechanism) 

Moments of Inertia:  (Thrust Axis) 
2 

Launch (antennas folded) - 2.05 2, . 3 slug f t  

Orbital (antennas extended) - 19.41 2 2.0 slug f t  
2 

Date of Launch: Explorer 22 - Oct. 9, 1964 

Explorer 27 - April 30, 1965 

Launch Vehicle: Scout 

Operational Stafxst Explorer 22 - Transmitting on command only 

Explorer 27 - Transmitting on cornpaand only 

Mission: Conduct: worldwide ionospheric measurements which are  t o  
gerve as a basis for plotting the structure of the 
ionosphere and for describing its behavior under varying 
conditions of solar  radiation. 

Apogee: Explorer 22 - 1080 km. 
ExpXdrer 27 - 1310 km. 

Perigee: Explorer 22 - 886 km. 
Explorer 27 - 940 km. 

Orbital Inclinatian: Explorer 22 - 79.6O 

Explorer 27 - 41.1' 
Configuration: Right octagonal prism approximately 18 inches across 

f l a t s  by 12 inches high; Overall length - 88 inches 
(Blades extended). 
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Solar Blades: Quantity - 43 Dyrnenslnna - 10 in* x 70 in. (apprux,)j 

Total Solar Area - 16 sq, ft, (approx.) 

I l lustrat ion:  Figure 20b 

Dtrect Measurements Explorer -A 
(DME-A) Explorer XXXI 

Weight: 218.4 lbs.  

Mamenta of Inertia-: 
2 

'Pitch - 5.81 Slug f t  

R o l l  - 6.07 slug f t  

2 

2 

Paw 5.71 slug f t  

Date of Launch: November 29, 1965 

h u n &  Vehicle: Thor-Agena 

Operational Status: 

Missicln: 

Transmitting on command only 

To obtain direct  measurements of the bnosphere including 
electron temperature, ion temperature, ion mss, tempera- 
ture equilibrium determinatton, and sinnrltanesus measure- 
ments i n  conjunction with Almatti - B. 

Apogee: 2877 km, 

Perigee: 514 km. 

Orbital Inclination: 79,8O 

Dimensions: Right octagonal prism 30 inches across the f l a t s  by 
25 inches high. 

I l lustrat ion:  Figure 20c 

Ariel 

Formerly United Kingdom International Sa te l l i t e  

-c.c)I 

No. i n  Orbit! 2 -. Ariel I and Ariel  111 

Weight A r i e l  I - 132 lbs. 

Ariel 111 - 198 lbs .  

Spin Characteristics; Spin Stabilized 
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Moment of Inertias A r i e l  TIT il. 60 slug f t  (apprcnrimately) 

Date of Launch: A r i e l  I - April  26, 1962 

Ariel 111 - May 5 ,  1967 

Launch Vehicle: A r i e l  I - Thor-Delta 

A r i e l  111 - Scout 

Operational Status: A r i e l  I - Bot transmitting 

Ariel 11 - Not in a r b i t  

A r i e l  111 Transmitting 

Mission: Ariel ITS - A global atmospheric noise measurement survey 
is expected to be completed in the f i r s t  60 
days i n  orbit. 
galact ic  radio noise, electron density and 
temperature, molecular oxygen dis t r ibut ion 
and VLF radiation. 

Other experiments w i l l  study 

Apogee: A r i e l  1 1 15045 km. 
Ariel111 - 577 km 

Perigee: A r i e l  I - 384 km 
Brie1 I11 - 479 km. 

Orbital Inclinationt Ariel I - 53.8" 

Ariel I11 - 8O.lo 

Dimensiuns: Diameter - 29.5 inches 
Length - 43 inches, exclusive of appendages 

Appendages extended - 52 inches fremhinges 

I l lustrat ion:  Figure 20d 

ESRO 
European Space Research Organization 

..IIIIcI 

No. in Orbit: 1 * ERSO 0 2B 

ERSO .. 2A fa i led  to orb i t  

Weight: 185 Lbs, including separation qchanism 

Spin Characteristics: Spin-stabilized at  30-40 rpm by a cold gas 
spinup system, a f t e r  being despwn from 
separation sp in  of 160-180 rpm by a ypo-yo 
system consisting of two equal weights 
attached t o  the satellite by tapes. 
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D a m p e r  System: Ball-in-tube nutation damper used t o  reduce or 
eliminate spacecraft coning angle. 

Date of Launch! my 16, 1968 

Launch Vehicle: SolFd-propellant Scout 

Operational Statusr Six of the seven experimients are operating as 
planned. 

Mission: The study of solar and cosmic radiation i n  lower layer 
of Van Allen belt. 

Apogee: 1090 km, 

Perigee: 330 km. 

Orbital  Inclination: 97.2' 

Dimensiuns: 30" across the points of the polygon 

29.2" high 

20.3'* command anten- (extended from bottom) 

Illustration: Figure 20e 

T i r o s  Operational S a t e l l i t e  and ESSA 

No. in Orbit: T i m s  1-10 
ESSA 1-6 

Weight: Tiros 6 - 281 lbs. 

T ~ O S  7 w.300 lbs, 

Tircls 8 - 260 lbs. 
T i r o s  9 - 300 lbs. 

Tims 10 - 288 lbs .  
ESSA I - 304 Ibs. 

ESSA LI - 283 lbs. 

ESSA VI - 290 lbs. 

Spin Rate: 

Moment of Inertia:  Thrust @SSA 11) - 165.44 lbs-in-sec 

Spin - Stabilized at 10 rpm @SSA V I )  
2 

2 
Transverse (ESSA 11) .I. 115.69 lbs-in-sec 
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Launch Vehicle: Thor-Delta (Tiros series) 
Thrust Augmented Imprmed Delta @Sa Series) 

Date of Launcht Tires 1 - A p r i l  1, 1960 

Tiros 2 - Nav. 23, 1960 

Tiros 3 - July 12, 1961 

Tiros 4 - Feb, 8 ,  1962 

T i r ~  5 - J u ~  19, 1962 

Tiros 6 - Sept, 18; 1962 

Tiros 7 - June 19, 1963 

Tiros 8 - Dec. 21, 1963 

Tims 10 - July 2,  1965 

ESSA I - Feb, 2, 1966 

ESSA I1 - Feb. 28, 1966 

ESSA I11 - Oct .  2, 1966 

ESsA IV .. Jan. 26, 1967 

ESsA V - April 20, 1967 

ESSA VI - NOV. 10, 1967 

Operational Status: The following are operational: 

ESSA I1 - Transmitting on cormnand only 

ESSA XI1 - Transmitting on copllpLBpd only 

ESSA IV - Transmitting on command only 
ESSA V - Transmitting on caamrrand only 
ESSA V I  - Transmitting on command only 

Mission: Prwide  meteorological data 

T i r e s  6: Apogee .. 442 miles 

Perigee - 425 m i l e s  
bclination - 58.3' 

Period - 98.7 minutes 

Design Life - 5 months 

Tiros 7% hpogee - 350.8 m i l e s  

Perigee - 330.5 m i l e s  
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Tiros 8: 

Tiros 9: 

Tim8 10: 

BSA. I: 

ESSA If: 

Imlinatfun - 58. 

Apugee 1392 miles 

Perigee 386 miles 

Period - 119.1 minutes 
Inclination - 94.P 

Apogee 9 458 n miles 

Perigee - 400 n miles 

Apogee I. 463 n miles 
Perigee 4 379 n miles 
Inclination - 97.8 93" 

Perud  ,. 100.22 minutes 

Apogee L. 763 n m i l e s  

Perigee - 731 n miles 
P e r i d  - 113.42 minutes 

Inclination L. 101.003° 

I l l u s  tratiton: Figure 2Of 

Weightt (OS0 11) 547 lba. 

Center of Gravity: above attach f i t t i n g  

tach f i t t i n g  (arms up 

Spin Rate: Appreximately 30 r p m  
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Spin moment of Inertia: 19.31 slug f t 2  (wheel only,  arm^ d a d  

26.5 slug f t  (wheel only, arms up bottles 
fu l l )  

(sail) 3.8 -slug ft 2 

Attitude Control: Spin stabi l ized (wheel spins, spin rate maintained 
by gaa jets), s a i l  is maintained normal to sun 
during daylight, by gas jets in pitch, axis and 
servmwter i n  azfmuthl peinted experiments aidned 
at aun in elevation by sm-mr. 

Launch Date: OS0 I - March 7, 1961 
OS0 11 - Feb. 3, 1965 

060 TI1 - March 8, 1967 

OS0 I V  - Oct, 18, 1967 

Orbital Status: OS0 I through IV are in orbit. 

0pe;aatiaal Status: OS0 I - nets transmitting 

OS0 TI - not trandtting 
OS0 XII .L Transmitting en command only 

OS0 IV - transmittgng on command only 

Launch Vehicle: Delta Launch Vehicle 

Miss*nr OS0 prcwidea a spin s tabi l ized platform for solar experiments. 

Apogee: OS0 I - 576 km. 
OS0 I1 * 617 km. 
os0 IIZ - 555 km, 
OS0 IV = 567 km. 

Perigee: OS0 I * 538 km. 
OS0 11 * 545 km. 
os0 I11 - 531 km. 
os0 IV 6 533 km, 

Orbital Inclination: (OS0 Seriea) 33O 

Dimensions: Diameter - Wheel - 44 imhea 

Overall - 96 inches 
Height - 38.3 inches 

I l h a  tratim: Figure 2% 
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Radio Astronomy Explorer 

Weight: 601 lbs. maximum including Apogee Kick motor (175 lbs) 

Monrent of Inertia:  ful ly  loaded, launch configuration 
2 

2 
X-X axis - 96789 l b i n  
X-Y axis - 99225 Lb-in 
2-Z axis - 107180 &in2 

Stabilization: Graviq gradient stabil ized. Also nutation damper, 
and l ib ra t ion  damper bum. 

Datd of Launch: April  1968 (planned) 

Launch Ve-licle: Improved Delta 

Missi : Primarily to  investigate radio emissions with par t icular  
emphasis on phenomena w h i c h  are not observable f ran the 
earth because of ionospheric absorption and mewmade radio 
interference. 

Apogee: 6000 b. 

Perigee: 6000 km, 

Orbital Inclination: 59' retrogradL 

Period : 288 minutes 

Configuration: Central body 36 inches across by 31 inches high 
having four permanently IlPounted canted solar blades 
63 inches by appraimately 9.5 inches wide attached 
normally t o  periphery of the structure. 
dimensions: 
dianrnter using an 18-inch Delta adapter. 

Overall 
63 inches high by 56-1/2 inches in 

Antennas: Four 7501foot antennas foming a "I?' cm top md bottom 
of spacecraft, One 120lfoot (tip to tip] dipole antenna. 

(Revised, bgurt  1967) 

I l lustrat ion:  Figure 2Oh 
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&pplicatione Technology Satellite 

No. in Orbit: 3, ATS I, ATS 11, ATS I11 

Weight: 725 lbs - ATS r 
1500 l b r  - prior  t o  f i r ing  of apogee motor ATS 11, I11 
750 lbs - af:sr apogee fir ing = ATS 11,111 

Spin Rate: 90 rpm - ATS I11 (Rate at  separation from spacecraft) 

100 rpm - ATS 111 (used for longitudinal positioning, orb i t  
inclination, and eccentr ic i ty  adjustments) 

Date of hunch: ATS I - Dec. 7, 1966 
ATS I1 - April 6 ,  1967 

ATS I11 - NOV. 5 ,  1967 

Launch Vehicle: 

Operational Status: 

ATS I - 111, Atlas-Agena  D 

A l l  of the ATS series i n  o rb i t  are transmicting 
on command only. 

Spin maracteristics: M ! S  Z - Spin-Stabilized and has a nutation 

Mission: 

Apogee: 

Perigee : 

damper. 
ATS I1 - Gravity - Gradient and has a Libra- 
tion Damper, 
ATS I11 - Spin-Stabilized. 

The program is t o  test advanced components and techniques 
for  future cammunication, meteorological, and navigation 
satellites. 

A!m I - 35,793 km. 
ATS IT - 7,188 h. 
ATS 111 - 35,792 h. 

ATS I = 35,783 Ism. 
ATS II - 168 lan. 
ATS I11 - 35,778 h. 
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OEbital Inclination: AT8 I - 0,3@ 

ATS 11 - 28.4@ 

ATS 1x3: - 0.lo 

Dimensions: Spacecraft Minus Booms 
Diameter - 58 inches (approximately) 

Length - 78 inches (approximately) 

Spacecraft Plus Extended Bows 

Length = 200 f t .  

Width - 40 f t .  

I l lustrat ion:  Figure 20.1. 

Weight: Nimbus 1 - 832 1bs. 

Nimbus I1 - 1062 lbs. 

Spin Characteristics: 3 axis s tabi l ized 
ear th  - oriented 

Launch Date: Nimbus I - August 28, 1964 

Nimbus I1 - May 15, 1966 

Launch Vehicle: Nimbus I - Thor-Agena 

Nimbus I1 - TAT Age- B 

Orbital  Status: Nimbua I and Nimbus 11 are in Orbit 

Operational Status: Nimbus I -. N o t  transmitting 

Nimbus I1 -c Transmitting on command enly 

Mission: Nimbus satell i tes serve as a testbed for  research and 
development of new meteorulogical senaors, subsystems 
and system configurations. 

Apogee: Nimbus I - 833 km. 
Nimbus I1 - 1148 km. 

Perigee: Nimbus I .. 420 km. 
Nimbus 11 9 1095 km. 
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Orbital  Inclinationt 98.7O - Nimbua I 
100,3° - Nimbus XI 

Dimensions: Overall * 10 f t  x 10 f t  

Sensory Ring - 54 in x 13 in 
C o n t r o l  Houaing - 17.25 i n  x 33.38 i n  

Truss Separator - 48 i n  

Solar Paddles (each) - 3 f t  x 8 f t  

I l lustrat ion:  Figure 20j 

Eccentric Orbiting Geophysical Observatories 

(EGO or OGO) 

No. i n  Orbit: 5 - OGO I, OGO 11, OGO III, OGO I V ,  OGO V 

*in Characteristics: OGO I - V 

Three axis stabi l ized 

Moments of Inertia: (OGO V) 
R o l l  - 665.slug f t 2  

Thrust - 340 slug f t  

Yaw - 910 slug f t  

2 

2 

Date of Launch: OGO 1 - Sept. 5, 1964 
OGO I1 - O C ~ ,  14, 1965 

OGO 111 - JUW 7, 1966 

OGO I V  - July 28, 1967 

OGO V - a r c h  4, 1968 

Launch Vehicle: Atlas-Agena B @GO I and 111) 
Atlas-Agena D (OGO V) 

Operational Status: OGO I1 was turned off  in November 1967, the 
others are still operating. 

Missiun: Carries a large number of experiment8 to etudy such phenomena 
of the earth-sun-interplanetary space relationship as polar 
wind, solar  f la res ,  tenestrial magnetic f i e l d  disturbances, 
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Apogee : 

Perigee : 

Orb i ta  Inc 

sudden ionospheric disturbances, radiation b e l t  par t ic le  
populations, aurora events, polar cap events, ionization, 
and variat iens  i n  atmospheric density 

124, 204 T x m .  (OGO I) 
1,477 km. (OGO 11) 

117,593 km (OGO 111) 
851 km. (OGO IV) 

148,187 km. (OGO V) 
25,593 km, (OGO I) 

415 km (OGO 11) 

4,808 km (OGO 111) 
410 km. (OGO IV) 
272 km (OGO V) 

nation: 55.4O (OGO I) 
87.3'(060 11) 
60,6°(0G0 111) 
86.0* (OW IV) 
31.1' (OGO V) 

I l lus t ra t ion< Figure 20k 

Orbiting Aatrqnomical Observatory 

(QAO) 

No. in Orbit: 1 - OAo 1 

Weight: 3,900 l b s  .L QAO I 
4,271 Ibs  - OM A2 (To be launched) 

Spin Characteristics: Two axis stabil ized, r o l l  axis was  not 
stabil ized, and designed to point OAO 1 with an accuracy 
of one m i n u t e  of arc 2 1 5  arc seconds for  50 minutes. 
Due t o  a malfunction $a the primary battery and logic 
cilfcuits, the OAO I could be nutating. 

2 

2 
Moment of Inertia: Maximum - 1471 slug ft 

MPn(mrlm - 1453 slug ft  
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Date of Launch: A p r i l  8, 1966 

Launch Vehicle: Atlas-Agena D 

Operational Status: I n i t i a l  s tab i l iza t ion  was  achieved but on i ts  
second day in o r b i t  the satellite's primary battery began 
to overheat and soon malfunctioned, rendering OAO I in- 
operative. 

Mission!: OAO I carried four experiments to study the W, X-ray 
and gamma ray regiona fr? above the obscuring and dis- 
tort ing e f fec ts  of the earth's atmosphere, 

Apogee: 801 km. 

Perigee: 793 km, 

Orbital Inclination: 35.0' 

Dimensions: (a0 11) 
Length 118 in. 

Width (across f l a t s )  * 80 in. 

Diameter (central  tube) - 48 in. 
k e a  (solar paddles) - 111.5 sq. ft. 

Overall width (solar paddles extended) - 194 in. 

I l lustrat ion:  Figure 20 1 

I n  attaching to these targets, consideration must be given to t h e i r  
Th8 magnitude ef these cannot tolerance to  attachment forces and torques, 

be predicted u n t i l  the  attachment ermrs and rates frcm the s i m l a t i o n  
(Task E) are correlated with individual target  characterist ics.  
it is  possible to  es tabl ish the best  approach and attachment plan t o  be 
used w i t h  the selected attachment head. 
the two pads on the ends of the two half-circle arms. 
types of surfaces and symmetries present on the satellite targets. 
in t e r io r  of the arms and the adhesive AH w i l l  be useful primarily for  
grappling objects that do not have the del icate  external surfaces and 
appendages that are routine features of sc i en t i f i c  and- communication 
satellites. 

However, 

A l l  of the examples given u t i l i z e  
This is due t o  the 

The 

The selected satellites and the appropriate attachment modes are as 
follows: 

56 



\ 

R 

a 

i 

.. 

37 



58 



.. 
*J 

4 
C 
k 
Q) 

3 

3 

59 



60 



6 1  



0 
0 m 

62 



c 
cb 
4J 

E 
e 

63 



64 





sl 

66 



67 



P 

t 

68 



a. Energetic Par t ic le  Explorer - D (Figure 2Q) - '&is satellite 
is spinning a t  25 rpm and mst be approached along the spin axis. 
payload separation flange eight inches i n  diameter is located on the spin 
ax is  on the base of the satellite (opposite end from the f lux gate magne- 
tometer), 
pads. 
paddles . 

A 

The flange can, be grasped by the outer edges of the arm end 
Care must be taken tu keep the two arms froan cmtact ing the s o h  

b. Beacon Explorer (Figure 20b) c The main body of t h 4 s  satel l i te  
i s  a m o t h  mtagunal m e t a l  box, 
perpendicular t o  the plane of the solar panels. 
the two opposing surfaces that do not: contain solar paddle supports or 
the umbilical connectar. 
early or wershouting the desired attachment area. 
damage the laser r e f l e c t m  or the solar cell panels. 

It should be approached along the axis 
It should be grasped on 

Care should be taken t o  avoid closing the, anmi 
These er rors  would ' 

c. Direct Measurements Explorer - A (Figure 20c) - This s a t d l l i t e  
is  basically an octagonal box (30 inches between f l a t s ,  25 in&es high) I 

with an  experiment probe extending approximately one and one-half fee t  
O u t  on the upper end of the main body axis .  
t ion flange may be avaUable for  grappling or two of the side panels may 
be grasped at the lwer end. 
mounted on the upper end of the s ide  panels. 

A suitable payload separa- 

This would prevent damage t o  the solar cells 

d. A r i e l  (Figure 20d) = !Chis spin-stabilized satellite should be 
approached along the ferward spin axis (opposite end from boom - mounted 
solar  ce l l s ) ,  
forward antennas and cone and the solar cells on the main body. 
should be grasped at f2xe top of the main cyl indrical  body. 

The satellite will be d i f f i c u l t  t o  at tach to  due t o  the 
It 

e. ESROI2B (Figure 2%) - This satellite mst be approached along 
the spin axis and grasped on the payload separation flange on the ham. 
This flange is ten inches i n  diam&ter with an eight inch diameter center 
hole. This is too small for  expansion grappling so the weer edge mst 
be used. Four twenty inch antennas extend from the base and must be 
avoided with the AH arms, 

f ,  TIROS and ESSA (Figure 20f) - The standard configuration TIROS 
is orbited w i t h  a payload sepa ra t iw  flange of approximately ninewinch 
outside diameter on the base. The forty-rwc) inch diameter drum surfaces 
and the forward end are cwered with solar cells. Approaching along the 
spin a x i s  perpendicular to  the base, the MRE'MHD must be maneuvered care- 
ful ly  t o  avoid the four transmitting antennas before grasping the flangq. 

Orbiting Solar Observatory (OSO) (Figure 20g) - The OS0 can be g. 
grasped by either the outer octagon panels or the paylhad separation flange. 
It should be approached from the base end along the main body spin axis. 
The sail rotates about an ax i s  perpendicular t o  the main body ax i s  and 
should not be grasped since it is covered with solar  cells  and sc i en t i f i c  
sensors . 

69 



sed 
to avoid two seven hund 
centered along the 
separat icm be tween 
approach and a t tacbmnt  w i t h o u t  contacting the antennas, 

i. Applications Technology S a t e l l i t e  (ATS) (Figure 201) - These 
the spin rates i n  satellites, spinning at up t o  one hundred rpm, exce 

the contract 's ~ s u m p t i u n s  and Guidelines. However f the MRFMHD is 
designed t o  handle these rates, the spin-stabilized ATS's may be grasped 
on the apogee mator be l l ,  
the eight VHF whip antennas that  mst be avoided during approach along 
the a f t  spin axis. 

The approach problemwould be complicated by 

j, 
attachment problem even though they are ear tbor ien ted  s tabi l ized (essen- 
t i a l l y  no spin). The main c i rcu lar  body m y  be grasped i f  t h i s  can be 
done without damaging the thermal control shut te rs  on its surface. I f  
t h i s  is not practical ,  it may be posaible to  grasp the interconnecting 
Cruss st ructure  on the upper berdy. 
be avoided. 

Nimbus (Figure 20jJ - The Nimbus satellites present a d i f f i c u l t  

Xn t h i s  case, the solar paddles nust 

k, Orbiting Geophysical Obsenratory (OGO) (Figure 2Ok) - These 
satellites are stabilized on a l l  three axes but are Characterized by a 
complex array of external booms, panels, sensors, and antennas. 
care, the central body (32 x 32 x 72 inches) can be approached and 
grasped on the side opposite the VHF d i r e c t i o n a l  antenna. 

With 

1. Orbiting Astronomical Observatory (OAQ)(Figure 201) - The QAO 
is the la rges t  of the satellites examid and is stabi l ized i n  pitch and 
yaw but not i n  roll. The f i r s t  QlLo w a s  rendered 
primary pawer syBtern fa i led  during its second day i n  o r b i t  making it an 
attractive target  fo r  MRFMHD operabims. Its precise a t t i t ude  motion 
is not kmms bur the large,  hexagonal main body may be grasped safely 
i f  the solar  panels are avoided. 

inoperative when its 

5. Spinning Interface 

The spinning interface is required to match the A.H spin motion to 
the target ' s  spin. 
main MRFMM) boom, 
face i n  order t o  miniadze spin-up and de-spin masses and inertias. 

be ab le  t o  exert f i f t een  foot p 

having various inertia and spin characteristics if f&e f u l l  f i f t een  foot 
paund torque is applied, 

Therefore, it ie located between the AT3 and the 
Only the AH shauld be outboard from the spinning inter- 

The contract 's Assumptions and Guidelines specified that the MRFMHD 
s of spin-up or de-spin torque, No 

d during the study alter this sele n. Figure 2f may 
lculate  the approximate time required -spin targets  
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A variety of msthods are available to prwide the de-spin/apinup 
torque and t o  s tore  or.remwe the ta rge t*s  aagular mnentum from the cw- 
bined system, 

The despinning torque may be applied in the  following three ways: 
(1) a direct current (DC) mtor, operat* with controlled reverse current, 
(2) thrusters on the AH, maunted to apply pure torque, and (3) a s l i p  
clutch or DC motor on the AH a n  be engaged to a flywheel on the boom, 
despinning the target  as the flywheel spin rate increases. 
three d e s  is reversible to spirr-up the target.  The DC motor provides 
the a b i l i t y  to apply precisely controlled torques by varying the reverse 
o r  forward current through the motor. k addition, up t o  approximately 
seventy percent of the target 's  ratational k ine t ic  energy Can be stored 
i n  the MRFMZD drive battery during de-spin since the metor w i l l  be werating 
as a generator, 
dissipated i n  the motor, 
from the GSM/MRFMIFD/Target, the  CSM r o l l  thrusters must be fired. 

Each of these 

Apprr>ximately twenty-five percent of the energy w i l l  be 
In order t o  remQVe the target ' s  angular momentum 

In the second method, t h w t e r s  would he mwtnted on the AH t u  pro- 
vide r o l l  torque during de-spin and spln-up. 
spinning interface,  no r o l l  wments would be imposed on the CSM during the 
thrus te r  f i r ings.  
with these thrusters  is the same with e i the r  the DC d t o r  or the thrusters  
SO 110 efficiency is gained by thrusting on the All only. In addition, the 
thruster  plumbing and controls would have t o  be relat ively sophisticated 
to duplicate the DC motor's variable dynamic characteristics. However, ' 

essent ia l ly  no heat would be dissipated at the spinning interface w i t h  the 
thrusters.  

Heglecting f r i c t ion  i n  the 

However, the amG)\rpr of angular momentum to be removed 

The th i rd  system, in effect,wauld use a flywheel, ra ther  than the 
CSM, as the reaction mass t o  the ta rge t  torquing. 
f r i c t iona l  torques, the CSM thrusters need not be f i red  to  remove the 
target '  s angular momentum from the system since i t  is stored in the flywheel, 
This system only becomes prac t ica l  i f  the number and magnitude of MRFMKD 
de-spin/spin-up cycles 2s large enough that the flywheel mass becolnea 
amaller than the mass of the CSM RCS r o l l  fuel that would otherwise be 
replired for  the cycles. 
pounds of fuel and oxMlzer per second while producing 1300 foot-pounds 
of torque. From the contract 's Assumptions and Guidelines, the largest  
t a rge t  spin inertia (3000 alug fee& w i t h  the highest spin rate (36 
revolutions/minute or 3-77 radians/second) give8 a ta rge t  angular momen- 
tum of 11,300 f t .  lb. sec. The r o l l  thrusterswt#Zld have to  be f i r ed  for  
8.7 seconds t u  remove t h i s  angular mmentum from the system. This would 
consume 6.26 pounds of fue l  and oxidizer. NO@ that w i t h  the DC motor or  
AH thrusters,  the target  angular .momentum must be remwed from o r  added 
to the CSM during or at the end of both de-spin and spin-up cycles. 

Again neglecting 

The eW0 roll  thrusters  nn the CSM consume 0.72 

With regard to safety, only the DC motor system can be designed t o  
remove a$$ major energy sources from the AH/Target area pr ior  t o  crew EVA 
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work on the target. 
thrusted-AH fue l  tanks must he mounted on the AH, thereby creating a 
potent ia l  hazard. 
supports could lead t o  B major s t ruc tura l  breakup in  the MRFMHD 
boom. 

Unless rotating fue l  wnnecticma are used, the 

With the flywheel, a fa i lure  of its bearings o r  

Based primarily on the control lahi l i ty  and safety considerations, 
the DC motor w a s  selected a3 the best  MRFMJD spin drive system. 
motorlgenerator such as Globe Industries' type GFU wound f i e ld  motor wL& 
three hundred t u  one gear reduction would provide suff ic ient  torque for 
th i s  application. 
would be more than eighty (80) foot pounds. 
would be apprrxrrimately forty rpm. 
be less than two hundred w a t t s  rhraughout the operating range. 

A DC 

'Phe stall torque oh. the AH, w i t h  the gearing described, 
The maximum AH spin rate 

H e a t  dissipation i n  the motor would 

The par t icular  problems faced w i t h  this systan are providing 

Data indicate 
reduction gearing and sealing for motor operation in the space envirun- 
ment. 
blems with a hermetically sealed, harmonic drive uni t  of the type being * 

bu i l t  currently by USM Corporation (Ref. 13). 
such a head, an extrapolation of USM*s d e l  HDUH-10172-2, in the MRFMHD, 
The motor is  hermetically sealed i n  the pressurized flexspline chamber 
and incsrporates a three t o  one gear reducer between the motor and the 
one hundred t o  one harmonic drive. 

that it is feasible t o  handle both of these pro-  

Figure 22 i l l u s t r a t e s  

Current flexspline materiala require that  the drive be mounted 
such t h a t  l i t t l e  or no off-axis torques are exerted on the drive. 
this reason, the bearings 1pn the &/boom interface mst be preloaded 
and rugged enough t o  keep loads such as &€/Target contact impulses 
from being transmitted t o  the harmonic drive. 
angular contact, duplex pa i r  bearings (Ref 16) 
can provide such an  AH/boom interface, 
with Ball Brothers' Vac Kote (Ref. 15) o r  an equivalent. 

For 

Fafnir  Bearing Company's 
possibly used i n  tandem, 

The bearings should be lubricated 

The spinning interface must also include e l ec t r i ca l  power and 
command cbnnels to the heads mounted outboard from the interface. The 
Poly-Sciemlzific Divisiun of Litton Precision Products has developed 
p r e c i s h n  sliding contact heads (capsule slip-ring assemblies) for  
use in  space environments (Ref. 17, 18). 
four circuits, each rated a t  t h i r t y  amperes i n  space. 
brushes are life-time lubricated for  compatibility with the vacuum, 
thermal, and radiation environment. The head, measuring s i x  and one- 
half inches long and seven inches in diamiter, has less than twenty 
m i l l i o h m s  RMS contact resistance. This assembly establishes f eas ib i l i t y  
by providing capability i n  excess of the anticipated MRFMHD requirements. 
A t  present, the required channels would hc lude  grappling arm drive paver, 
arm s t r a i n  readouts, adhesive and target heaters and temperature monitor-c 
ing c i rcu i t s ,  adhesive replenishment p w e r  and commands, and possibly 
the pawer and commands fo r  a supplementary AH, 

One such assembly has twenty- 
The compwition 

Eleven c i r cu i t s  (including 
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two for  s igna l  and power grounds) plus the c i r c u i t s  required for  the 
supplementary AH would s a t i s f y  these requirements. 

6 .  Impact Attenuation 

The proposed MRE'MHD concept i s  based on docking the head to  the 
CSM docking in te r face  i n  place of the Lunar Module, 
s t r u c t u r a l  s t rength of the MRFMHD and the docking in te r face  (Ref. 19) 
and the minimum seven-to-one r a t i o  between CSM/MRFMID and t a rge t  mass, 
impact a t t en tua to r s  a re  needed primarily t o  pro tec t  the t a r g e t  and t o  
a s s i s t  i n  making adhesive attachments. 

Because of the 

The types of dampers i n  the  MRFMHD a re  almost t o t a l l y  dependent 
on (1) the t a rge t  s e n s i t i v i t i e s  t o  impact and attachment forces and 
torques,  and (2) closure r a t e s  and alignment e r ro r s  a t  the time the AH 
contacts  the t a rge t ,  
Suf f ic ien t  longi tudinal  damped compression capab i l i t y  must be b u i l t  i n t o  
the KWMHD boQm t o  allow the closure ve loc i ty  d i f f e r e n t i a l  t o  be removed 
without exceedfng force l i m i t s  pecul iar  t o  the target .  
necessary t o  build springs and/or dampers i n t o  the two MRFMHD arms, 
t h e i r  d r ive  mechanism, or  the  AH pads i f  the  combination of the at tach-  
ment e r ro r s  and t a rge t  angular momentum would produce excessive forces 
and torques a t  the  AH/Target in te r face ,  
(Task E) and t a rge t  s e n s i t i v i t y  da ta  w i l l  be required t o  analyze t h i s  
problem, 

The l a t t e r  a r e  t o  be determined during Task E. 

It may a l s o  be  

Detailed simulation da ta  

During t a rge t  attachment with the four-pad adhesive AH, the pads 
must be on swivels t o  follow the r e l a t i v e  ro t a t ions  generated by a t tach-  
ment e r rors .  This motion must be damped a f t e r  adhesive set-up t o  r i g i d i z e  
the system, A t  contact ,  the  pads must have independent longi tudinal  
motion capab i l i t y  t o  permit sea t ing  on the  t a rge t  surface. This motion 
m u s t  be e s sen t i a l ly  undamped during adhesive set-up so  the pads can 
follow t a rge t  precessions t h a t  may occur due t o  attachment e r ro r s ,  

7. Deployment S t ruc ture  

The s t ruc tu re  t h a t  separates  the AH and spinning in te r face  from the 
CSM docking in te r face  must s a t i s f y  three  basic requirements; (1) it must 
be strong enough t o  withstand the t a rge t  impact and attachment loads, 
(2) it must be long enough t h a t  the  ast ronauts  have a d i r e c t  view of the 

AH through the  l e f t  and r i g h t  forward viewing (rendezvous) windows, and 
(3) it must be long enough tha t  t a rge t  s t ruc tu res  capable of damaging the  
CSM do not reach the  CSM during approach and attachment, 

Data from previous simulations (Ref. 19) ,  Gemini stationkeeping, 
and Apollo 7 stationkeeping with the  launch vehicle 's  S-4B stage indi-  
c a t e  t h a t  c losure ve loc i t i e s  w i l l  be less than one foot per second as  
opposed t o  the f ive  foot  per second maximum rate specif ied i n  the  con- 
tract's Assumptions and Guidelines. With the lower ve loc i t i e s  and the  
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target  masses under consideration, there is no question that  a MRFMHI) 
boom can be b u i l t  with suff ic ient  s t ructural  strength. 

With respect t o  AH v i s i b i l i t y  from the CSM, Martin Marietta has 
conducted a study under NASA contract NAS8-21004 t o  determine the 
field-of-view (FOV) envelopes through the CSM windows (Ref. 20) With 
the crew couches in  the docking position, the crew (helmeted and against 
the couches) is able to  see the area i l lus t ra ted  i n  Figure 23 a t  a dis- 
tance of f i f teen feet  forward from the i r  eye position. Profiles a re  
shown for the right-hand window. The left-hand window views are mirror 
images of the views shown. Mirrors providing upright images of the nose 
of the spacecraft and points forward along the X axis are also available 
t o  the crew. 

For proper operation of the MRFMHD, the crew must be able t o  see 
the spinning interface and the AH arms i n  a l l  operating positions. Figure 
24 gives a top view of the c r i t i c a l  dimensions involved i f  the MRl?MHD arms 
form a three-to-five fee t  inside diameter c i r c l e  when closed. If the 
spinning interface is f i f teen  fee t  forward of the crew's eye position, 
the ball-screw drive structure w i l l  place the AH arm pivots twenty fee t  
forward from the eye positions, Under these conditions, the side crew 
members w i l l  be able to  see the complete AH arms through the i r  f u l l  
operating range whenever the arms are  above the CSM's XY plane, 

With these dimensions, the minimum distance separating a properly- 
positioned target 's  main 
feet .  This appears t o  be more than adequate for the third requirement 
concerning safe vehicle separations. 
given ea r l i e r  tha t  poses a hazard i n  t h i s  respect is the Radio Astronomy 
Explorer with i t s  seven hundred and f i f t y  foot tubular antennas. 

body from the CSM is approximately sixteen 

The only satel l i te  i n  the l i s t  

Several methods are available for  fabricating the MRFMHD boom. I f  
a r igid boom is selected, a t russ  structure of the type shown i n  Figure 
25 could prove t o  be the most practical. I f  the boom must deflect  t o  
accommodate nutating s a t e l l i t e s  the boom envelope could be a flexible 
bellows with art iculated members inside to  provide the lateral (Y) and 
ver t ical  (Z) motion of the AH, 

Also shown i n  Figure 25 is the storage concept for a supplementary 
AH, 
XZ plane and opened. The supplementary AH is extended forward on the end 
of a tubular structure such as a deHaviland Boom (Ref, 31) or an AMETEK/ 
Hunter Spring Stacer (Ref. 21), The boom is aligned t o  place the head 
between the two pads on the main AH arms. These arms are closed, clamping 
the supplementary AH and engaging power and command plugs recessed i n  the 
two pads as i l lus t ra ted  i n  Figure 19. 
tubular boom to  the supplementary AH releases as the boom is retracted. 
The system is now ready for  use, The process is reversed for  re t ract ion 
of the supplementary AH in to  i t s  s toredposi t ion,  

To depioy the device, the main AH a r m s  are rotated in to  the CSM's 

A spring-catch connecting the 
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8 .  CSM Xnterface 

This sec t ion  i s  concerned wi th  the  mechanical and electrical l i n k  
connecting the  MRFMHD t o  t 
the CSM. The mechanical 1 us t ra ted  i n  Figure 25 i n  the previous 
sect ion.  

the cont ro l  equipment required i n  

The end of the  IdREMHD dupl icates  the LM docking cone configuration. 

Analysis t o  determine the f e a s i b i l i t y  of  bringing MRFMRI) electrical 
power and commands across  t h i s  i n t e r f ace  indicated t h a t  t h i s  would not be 
p r a c t i c a l  due t o  the  highly co 
For t h i s  reason, t h e  following oach is  proposed. The b a t t e r i e s  t o  
supply power f o r  all MRFMHD op 
immediately forward of the  doc 
sumption ind ica tes  t h a t  one worst-case @ighes t  t a r g e t  i n e r t i a  and sp in  rate) 
de-spin/spin-up cyc le  w i l l  r equ i r e  less than th ree  hundred watt-hours (not 
including l ight ing) .  This would be consumed pr imari ly  by t h e  motor i n  the  
spinning interface.  
zinc primary ba t t e ry ' s  design weight is  for ty-s ix  pounds and is  capable 
of supplying more than th i r ty - th ree  hundred (3300) watt-hours when' f u l l  
charged (Ref. 22). 
MRFMHD cycles.  Solar  cells, a t  approximately ten w a t t s  per square foot ,  
c o d d  be used t o  recharge t h e  b a t t e r i e s .  

configurat ion of t h e  ex i s t ing  in te r face .  

s should be b u i l t  i n t o  the  boom . Analysis of the  MRFMHD power con- 

With respec t  t o  ba t t e ry  weight, t h e  Surveyor s i l v e r -  

This would be enough power f o r  eleven o r  more maximum 

An addi t iona l  bene f i t  of having the  b a t t e r i e s  in t h e  MRFMHI) i s  t h e i r  
a v a i l a b i l i t y  f o r  powering tou l s  (Ref. 6 )  t h a t  are used by the  as t ronauts  
during EVA maintenance, r e p a i r ,  o r  assembly operations on the  t a rge t ,  

One previous study (Ref. 2) proposed t h a t  an astronaut  work platform 
should be included i n  a device related t o  the MRFMHD, 
MRFMHD tasks  and t a r g e t  configurat ions 'do not  lend themselves t o  such a 
platform. 
with attachment points  on the MRFMHD could be useful  as a MRFMBD accessory. 

However, the diverse  

It i s  possible  t h a t  a building-block set of handra i l  elements 

Approximately twenty MRFMHD command and sensor-readout channels could 
be required f o r  one of the more complex MRFMHD configurat ions,  
commended that these be t ransmit ted over B short-range RE l i n k  between the  
CSM and MRFMHD. 
would el iminate  any need t o  modify the CSM's docking adapter,  

It is re- 

This technique, combined with the ex terna l  b a t t e r i e s ,  

Normal MRFMHD operations w i l l  r equi re  i n s t a l l a t i o n  of the  following 
addi t iona l  equipment ins ide  the CSM: 

a. MRFMHD command rece iver f t ransmi t te r  

b. Spin axis r a t e  con t ro l  

C. Spin axis torque and rate readouts 

d. Main AH arm open/close con t ro l  
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e. Main AH arm interpad force readout 

and some of t he  following depending on MRFMHD configuration: 

f. adhesive hea te r  cont ro l  

go bondline temperature readout 

h, t a r g e t  pre-heater cont ro l  

i. adhesive replenishment cont ro l  

j .  MRFMHD damper cont ro ls  

k, Supplementary AH extendlretrac t con t ro l  

1. Supplementary AH sp in  r a t e  cont ro l  

m, Supplementary AH sp in  torque readout 

n. Supplementary AH a r m  ex tend/ re t rac t  control 

0. Supplementary AH arm p i t ch , con t ro l  

p. Supplementary AH adhesive and t a r g e t  hea te r  cont ro ls  and 

readouts 

During normal MRFMHD operations, t he  left-hand p i l o t  would con t ro l  
t h e  CSM maneuvers as described i n  the  next section. The right-hand p i l o t  
would con t ro l  those MEU?MHD functions t h a t  r equ i r e  d i r e c t  viewing of the 
AH and t a rge t ,  The cen te r  crew member could monitor and c a n t r o l  MRFMRD 
functions such as adhesive temperature t h a t  do not requi re  a window view. 
The l i s t  of CSM equipment given above i l l u s t r a t e s  t h e  addi t iona lwork-  
load t h a t  arises i f  a temperature-controlled adhesive o r  a supplementary 
AH i s  used. 

9, CSM Control 

The MRFMHD concept as presented i n  t h i s  repor t  i s  dependent on the  
as t ronauts '  a b i l i t y  t o  pos i t ion  the  AH within a few inches and degrees of 
perfect alfgnment t o  a t t a c h  t o  a general class of ta rge ts .  In addition, 
c losure  v e l o c i t i e s  should be l e s s  than one foot  per second,, Subject t o  
quan t i t a t ive  proof i n  the  simulation (Task E), it is  f e l t  t h a t  these re- 
quirements can be m e t ,  The MRFMHD f ea tu re  t h a t  makes prec ise  quan t i t a t ive  
ana lys i s  of t h i s  problem d i f f i c u l t  p r i o r  t o  the  simulation i s  the  length 
of the MRMHD s t ruc tu re .  This places the  attachment in t e r f ace  f i f t e e n  t o  
twenty f e e t  i n  f ron t  of t h e  crew. 
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enee i n  space 

was maneuve 

Apollo 7 spacecraf t ,  flown i n  0ctob.er of 1968, performed stationkeeping 
operations within a few f e e t  of the  spent S-4B launch vehicle  s tage  fo r  
approximately t h i r t y  minutes. Martin Mar ta, i n  tests conducted under 
NASA contract  No. NAS9-4410 (Ref, 23), found t h a t  the GT-5 crew could 
a l ign  the  spacecraf t ' s  X (longitudinal)  axis t o  t rack  earth-surface objects  
with an RMS angular accuracy of less than two-tenths of one degree and p i tch  
and yaw rate e r ro r s  of less than two-tenths of a degree per second. 
t o  the approximate four-to-one higher a t t i t u d e  accelerat ions of the  Gemini 
compared t o  t h e  Apollo vehicles ,  t he  Apollo should be more precisely con- 
t r o l l a b l e  than the  Gemini, 
not be d i f f i c u l t  i f  t he  

Due 

indica tes  t h a t  a t t i t u d e  alignment should 
a r e  adequate. 

One of the  CSM p i lo t ' s  main problems could arise due t o  the cross- 
coupling between CSM a t t i t u d e  correct ions and AH t ransverse motions. With 
the AH/Tar ge t attachment in t e r f ace  approximately t h i r t y  f ee t  forward from 
the CSM/MBFMHD cog. ,  me- ten th  of a degree per,secogd in p i t ch  or  yaw 
w i l l  produce s ix- tenths  of an inch per second Z o r  Y motion, respect ively,  
a t  the  outer  end of the AH. 
cross-coupling t o  h i s  advantage i n  posit ioning the AH. 

The p i l o t  may, however, be ab le  t o  use t h i s  

The p i l o t ' s  cont ro l  of CSM t r ans l a t ions  should not  be d i f f i c u l t  s ince,  
i n  the  d i r e c t  mode, the Y and Z. accelerat ions are approximateIy two-tenths 
(0,2) of a foot p e r  second and, i n  X, the accelerat ion l eve l  i s  four-tenths 
(0,4) of a foot per second. 
l a t i o n a l  rate changes on the order of one inch per second o r  l e s s  on a l l  
axes, 
than one-fourth of a foot forward. Therefore, a t t i t u d e  accelerat ions 
generated during Y and Z th rus t ing  w i l l  be  on the order of one mi l l i rad ian  
(0.057 degrees) per second'. 
command a t t i t u d e  accelerat ion leve l ,  
cont ro l  l eve l s  as sa t i s f ac to ry  as  i l l u s t r a t e d  i n  Figure 2 6 .  

One-fourth second pulses w i l l  produce t rans-  

The NRE'MHB mass d i s t r i b u t i o n  should s h i f t  the  system's c.g. less 

This i s  l e s s  than one-twentieth of the  d i r e c t  
A 'Boeing Study (Ref. 24) rates CSM 

These da ta  ind ica te  t h a t  the attachment e r ro r s  w i l l  be due more t o  
v i s i b i l i t y  prriblems than t o  cont ro l  problems. 
l e f t  and right-hand p i l o t s  should have enough v isua l  information t o  a l ign  
t o  the  t a rge t s  with the required degree o f  accuracy. 

10. Launch Location 

It i s  f e l t  t h a t  the combined 

re is  no question as t o  the f e a s i b i l i t y  of launching the MRFMHD. 
a1 methods are (1) launch i n  place of the  LM i n  the  Spacecraft  
ter  (SI.,&) and (2) launch with an unmanned booster configured 

by i t s e l f .  The choice between these two methods o r  se lec t ion  
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of another method depends on a number of factors  beyond the scope of this 
study. 
a manned launch, mission timing for particular targets or other material 
handling operations, and ava i lab i l i ty  of '*piggybacklt space on other 
launches. 

Included i n  these factors are costs of integrating the MRFMKD in to  

11. Operational Timelines 

Detailed analysis of the MRFMHD operational timelines is  d i f f i cu l t  
a t  t h i s  t i m e  due t o  lack of data on mission profiles. 
t o  rendezvous and dock with the MRFMHD depends on the launch mode. 
the MRFMHD replaces the LM i n  the SLA, the transposition docking maneuver 
w i l l  require approximately f ive  minutes (Ref. 19). Transfer t i m e  t o  the 
target  or targets is  unknown and the fuel  consumption during such maneuvers 
depends on the mission profiles.  

The t i m e  required 
I f  

Once target  rendezvous is complete, the t i m e  required to  position 
the CSM/MRFMHD and attach t o  the target  w i l l  depend on the type and con- 
figuration of the ta rge t  and i ts  sens i t iv i ty  t o  attachment forces. 
t i m e  required for  the alignment maneuvers is among the data to  be deter- 
mined i n  the simulation (Task E). 
the target ,  and spin-up w i l l  depend on the target. 

The 

The t i m e  required for  de-spin, work on 

12, Safety and Reliabil i ty 

No major problems are anticipated i n  being able t o  design and build 
a MRFMHD that, of i t s e l f ,  w i l l  be safe  and reliable. 
the CSM/MRFMHD may be envisioned as a space f o r k l i f t  truck operating with- 
out the benefit,  and hindrances, of gravity, Therefore, the MRFMKD struc- 
ture  must be relat ively rugged compared t o  typical space vehicle structures 
that do not have t o  endure repeated impacts and high force and torque loads. 
Barring such unlikely occurrences as an accidental SM main engine f i r ing  
during f i n a l  maneuvering near a large target,  the AH and boom should pro- 
vide excellent structural separation between the CSM and target. 

From one viewpoint, 

I f  possible, active satellite a t t i tude  control systems should be 
disabled pr ior  t o  attachment. 
a t t i tude  control system cannot be disabled and i ts  dynamics can exceed the 
control forces and torques imposed by the MREM3D. I f  a target  enters what 
appears to  be an uncontrollable gyroscopic motion a t  attachment, it should 
be released immediately t o  prevent damage t o  the MRFMHD, 

In no case should a target  be grasped i f  i ts  
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SECTION X I I  

EMHD. BM) TaRGET DESIGN 

1. Design Philosophy 

The feas ib i l i t y  study (Section IT) resulted i n  the decision t h a C  a 
combinatiop mechanical/ simulated-adhesive device provided the mst 
prac t ica l  design required t o  obtain information t o  support design and 
development of a mre advanced Material Handling Device, 
were: I) CSM/EMHD cantrol labi l i ty ,  2) clusure velocities, pesi t ion and 
rate errors  at target  contact, 3) 
sult ing system dynamics and 4) 

Areas of in t e re s t  

pas t -an tac t  interface loads and re- 
the u t i l i t y  of several grappling modes, 

In view of the abwe areas of i n t e r a t ,  the important: design CDIL- 
aideraticma were defined to be: 1) proper CSM/EMHD/Target dynamicst 
and control functions, 2) 
EMHD Operator f i e l d  of v i e w  through the CSM docking windows and 4) 
abi l€ty of the selected design t o  f u l f i l l  contractural requirements, 

f u l l  scale hardware, 3) proper CSM Pi lo t /  
the 

Both technically and economically speaking, the designwas f e l t  
to u t i l i z e  the most e f f ic ien t  building block technique (iterative design/ 
test procedure) leading to eventual MRFMHD hardware. 
w a s  designed and b u i l t  t o  dupl€cate the functional features of the 
emfisitoned apace hardware. 
t o  sat isfy the needs of the simulation program, 

Hence, the EMHD 

EMHD materials a.nd packaging were selected 

2. EMHD and Target Hardware 

The finalized EMHI> design consisted of a two-armed mechanical 
grappling device with provtsion t o  u t i l i z e  a four-pad aimulated-adhesgve 
atta-nt head. Assembly drawings of the ZMHD configured a8 a mechani- 
cal grappler and aa a simulated adhesive head are presented i n  Figures 
27 and 28, respectively. 
and result ing hardware w i l l  be discussed in the folluwing order: 
1) Mechanical grappling head, 2) Six-degree-of-freedoin simulated- 
adhesive head, 3) Spinning Interface, 4) EMHD Drive and Control 
Systems, 5) Instrumentation Systems and 6) Targets and Associated 
Grappling Modes. 

For c la r i ty ,  the EMHD sub-assembly designs 

a. Mechanical Grappling Head - The mechanical arms w e r e  fahri- 
cated of O.ObO-inch, 6061-T6 Aluminum using a barr structure t o  maxi- 
mize strength while minimizing weight and inertia characterist ics.  
The box st ructure  is i l l u s t r a t ed  in Figure 29. 
w e r e  mass and i n e r t i a  balanced t o  minimize vibration and drive pwer  
requirements. 

The fabricated arms 

The attachment pads w e r e  spring loaded t o  allow, and 
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Figure 29 Mechanical Grappling Arms 

damp aut, target  positien and attitude &mars at cantact. 
added to the attachment pads tcr ewb le  anether attachment: d e .  
two attachment d e s  available with the Mechanical Grappling Head &ref 
1) cbaping attachment to wter target surface and 2) expansian 
attachment, using the hooks; to the target  adapter flange. Figure 30 
shuws the mechanical Srappling arms Illwlnted to the spinning interface, 
The i l lus t ra ted  assembly is referred 
Head, 

H o o b  were 
The 

tts the Mechanical Grappling 

b, Six-degrea-af-freedosa Simulated-adhesive Head - A fmr-gad 
'head, P%gure 28, w a ~ ~  chorsan re rarurimize adhwive grappling area thereby 
minimizing EMKD/Target peel farces d tr, prmide past-contact stability. 
Thezpada were mivt$led to allow cenformatinn ta t a rge t  geomarry and 
attachment errors. Velcrct ,  made by Amsrican Velcro Inc., New Pork, 
New Pork, was chosen t o  simulate desiredbadhesive properties. 
@a were spring loaded ta abswb and &ultp small translational rate 
and at t i rude errors. A rd le r - t r ack  assembly was hmrpora ted  i n t o  
the Adhesive Head ter enable the head ta track relative target circular  
mntion induced by attachment e m r a ,  
weight the head ab- it i a  f r ee  to w e  en the r o l l e r s  and tracks 
exaept for a lim-ferce detent: in the center pmitioa The AH is sham 
in Figure 31. 
interface and the assembly f~ mferred ta aa the  Sh-degr~-ef - f re&ba 

The 

Provision was made to clrunter- 

It is also shown in Figure 32 mounted to &e apinnhg 

88 



Figure 30 Mechanical Grappling Head, SFrmladon h d l y  

Shlated-adhesive Head.  

The attachment d e  available is referred to  as the slulated- 
adheslve attachraent mode. 

C. Spfuning Interface - The !3pinnhg Interface vas dedgnd 
aad built  t o  ride ou a bronze bushing. The bushing Ls f l t t g d  t o  a 
stationary steel  8haft originating a t  the forward end of the EMHD 
boan supporting structure. Zhe interface is chain driven and is 
capable, by means of a slipring assembly, of transmitting s l x  (6) 
challllela of electrical data from the Attschment Head. 
Interface and chain drive are shown Ln Figure 33. 

The S p W n g  

d. IMED Drive and Contml Systews - EHKD spin rate (u) wan 
powered by two paralleled D.C. motors. 
from 0 t o  28 volts and the field voltage was maintained a t  28 volts. 

Armature voltage waa variable 
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Figure 32 Six-Degree-of-Freedom Simu1ated;Adhesive Head 

Figure 33 Spinning Interface and Chain Drive Assembly 
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The arm open angle ( a )  was  controlled by a series-wound D.C. motor 
driving a l inear  actuator. Voltage t o  the m o t o r  was  variable from 
0 t o  28 vol ts  and controlled i n  a variable-amplitude, pulse'mode, 
A schematic crf the EBHD power and control system is  shown i n  Figure 34. 
The EMHD control box was operated from the r igh t  seat of the CSM mockup 
and is 8hOW i n  Figure 35 i n  i t s  position below the right-hand docking 
window. 

e. InstrumentaJion Systems - The parameters displayed to  the 
operator controlling the .EMHD were:  1) spin rate (o), 2) de-spin/ 
spin-up torque (M& and 3) 

These parameters were transmitted t o  the EBMD operator, Figure 35, from 
from the AH v i a  the slip-ring assembly a s  discussed i n  Section 111.2. c. 
AH spin-rate w a s  measured with a tachometer on the output of the spin 
drive motors, f and f w e r e  obtained using single turn potentiomters 

and 5 was obtained from load cel l  array output. 

attachment clamping force (fly f2). 

1 2 

f. Targeta and Associated Attachment Modes - Three target  con- 
figurations were desired f a r  the simulation (Task E)* They were: 
1) 
the f l a t s ,  with a twelve (12) inch diameter flange on the forward 
surface, 2) 
an eight (8) inch diameter flange on the forward surface (this uni t  
attaches to the front surface of the octagonal target)  and 3) 
octagonal target  with an attachment surface composed of Velcro p i l e  
to simulate adhesive properties. 
Figure 36. 
They are2 1) 
shown i n  Figure 37 and 2) 
target adapter flange as s h m  i n  Figure 38. 

an octagonal target, twenty-four (24) inches i n  diameter between 

a cyl indrical  target twelve (12) inches i n  diameter with 

the 

The octagonal target  is shown in  
Two attachment modes are available with t h i s  target. 

clamping attachment t o  the outer target  surface as 
houk attachment tm the  twelve (12) inch 

The cylindrical.Target is shown ia  Figure 39. The above-mentianed 
attachment modes a l so  available w i  is target. Figure 40 i l l u s t r a t e s  
the outside a t ta  
attachment mode. 

n t  mode and Figure m s  the eight  (8) inch flange 

Figure Wtag e t  configured with the 
Velcro atta e simu a t t  nt mode  is 
shown i n  Figu 
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Figure 36 Octagonal Target 
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Figure 37 Octagonal Target Surface Attachment Mode 
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Figure 38 Octagonal Target Flange Attachment Mode 
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Figure 39 Cylindrical Tzrget 
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Figure 40 Cylindrical Target Surface .Attachment Mode 
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Figure 41 Cylindrical Target Flange Attachment M e  
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Figure 42- Octagonal Target Configured with Velcro Attachment Surface 
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Figure 43 Simulated-Adhesive Attachment Mode 
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SECTION IV 

PROOF TEST PROCEDURE AND RESULTS 

1, Approved EMHI) and Target Proof Test Procedure 

a. EMHD Proof T e s t  - The EMHD contains two motor-driven p a r t s ;  
1) t h e  spinning i n t e r f a c e  and, 2) t he  grappling arms. The 
spinning in t e r f ace  i s  driven by a p a i r  of 28 VI)C motors through 
a chain d r ive  and gear box. This d r ive  has two functional re- 
quirements t h a t  must be ve r i f i ed .  The requirements and proof 
tests are as follows: 

5. Requirement: The EMHD must be capable of r o t a t i n g  
i t s  attachment head a t  up t o  36 revo- 
lu t ions  per  minute i n  e i t h e r  d i rec t ion .  

T e s t  Procedure: Using a var iab le  voltage power supply 
having -28 VDC t o  -1-28 VDC capab i l i t y ,  
apply voltage t o  the  EMHD sp in  d r i v e  
motors. Using a s top  watch and count- 
ing  revolutions for  a three-minute in-  
t e r v a l ,  determine rep.m. a t  -28, -20, 
-10, 0, +lo, +20, and +28 v o l t s  (unless 
36 rpm is  reached a t  l e s s  than 28 vol t s ) .  

The test  r e s u l t  w i l l  be termed satis- 
factory i f  t he  spinning in t e r f ace  achieves 
36 rpm at  or  below 28 v o l t s  i n  each d i r ec -  
t ion.  Test documentation w i l l  include a 
descr ip t ion  of t he  test  and a p l o t  of rpm 
versus applied voltage on the sp in  d r ive  
motors. 

i%. Requirement: The spinning i n t e r f a c e  s h a l l  be capable 
of de l ive r ing  up t o  f i f t e e n  foot-pounds 
of torque (about t he  EMHD longi tudina l  
axis) t o  an objec t  attached t o  the  EMHD 
attachment head. 

T e s t  Procedure: With the  EMHD longi tudina l  ax i s  mounted 
hor izonta l ly ,  a t t ach  a cross-bar t o  t h e  
attachment-head s ide  of  the spinning 
i n t e r f a c e  such t h a t  the b a r  is  a t  a 
r i g h t  angle t o  t h e  EMHD axis.  With the  
bar i n  a hor izonta l  pos i t ion ,  suspend a 
ca l ib ra t ed  e 2% o r  b e t t e r )  load from 
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t he  bar such t h a t  t he  product of the  
load t i m e s  the moment a r m  (suspension 
poin t  t o  EMHD axis) equal8 f i f t e e n  foot  
pounds. Apply power (up t o  28 VDC) t o  
t h e  sp in  d r ive  motors u n t i l  t h e  spinning 
i n t e r f a c e  supports and r a i s e s  the  load. 

The t e s t  r e s u l t s  w i l l  be termed satis- 
fac tory  i f  tho, spinning i n t e r f a c e  supports 
o r  r o t a t e s  aga ins t  t h i s  load ( i n  both 
d i r ec t ions )  with an applied voltage of 
28' v o l t s  o r  less. T e s t  documentation 
w i l l  include a descr ip t ion  of t he  test 
and the voltage ( in  each d i r ec t ion )  a t  
wbich t h e  EMHD m e t  t he  torque requirement. 

The EMHD contains a 28 VDC l i n e a r  ac tua tor  for  opening and c los ing  t h e  
curved attachment arms. 
combination a re  as follows: 

The two requirements and t e s t s  f o r  t he  armldrive 

iii. Requirement: The arms must be driven from f u l l  closed 
t o  f u l l  open pos i t ion  (a t  least 80' 
r o t a t i o n  of each arm) i n  t en  seconds 
o r  less and f u l l  open t o  f u l l  closed 
i n  t en  seconds o r  less .  

Test  Procedure: Using a va r i ab le  voltage 228 VDC 
power supply, determine open and c l o s e  
cyc le  t i m e s  a t  0, 514, and 228 VDC. 

The t e s t  r e s u l t s  w i l l  be termed s a t i s f a c -  
to ry  i f  the cyc le  t i m e  f o r  open and 
c lose  i s  ten seconds o r  less ( fo r  t he  
individual cycles) with an applied vol- 
tage of 28 VDC o r  less. 
t a t i o n  w i l l  include a desc r ip t ion  of 
the  test  and a p l o t  of open/close cycle 
t i m e s  versus applied voltage. 

Test docwnen- 

iv. Requirement: The actuator dr ive  plus the  mechanical 
c h a r a c t e r i s t i c s  of the  arms and d r ive  
l i n k s  must provide a t  least t e n  pounds 
of  force  between the  a r m  end pads fo r  
both clamping and expansion grappling 
when t h e  pads a r e  one foot  apart. 

Test Procedure: Using ca l ib ra t ed  (5% o r  b e t t e r )  spring 
balances or  an equivalent device, de te r -  
mine t h e  inter-pad force required t o  
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s t a l l  the open/close a r m  motion as a 
function of pad separation (measured 
between the  faces of t h  
The test  r e s u l t s  w i l l  b 
factory i f  t he  in te r -pa  
t o  s t a l l  t h e  open and c lose  motions equals 
or  exceeds t e n  pounds a t  one foot  pad 
separation. T e s t  documentation w i l l  in -  
clude a descr ip t ion  of the test and a 
p lo t  of inter-,pad s t a l l i n g  force f o r  
the open and c l o s e  operations from f u l l  
closed t o  a pad separation of a t  least 
th ree  fee t .  

A l l  o ther  functions i n  thz  EMHD, such as spring motion on the  a r m  end 
pads, a r e  design f ea tu res  whose s u i t a b i l i t y  w i l l  be determined during 
the  EMHD evaluation simulation. In  t h i s  context,  t he re  a re  no Proof 
T e s t  c r i t e r i a  t h a t  can be applied t o  such functions. However, following 
assembly, a l l  EMHD functions w i l l  be subjected t o  dynamic and v i sua l  
checks t o  ensure t h a t  t he re  are no in te r fe rences  or  binding t h a t  w i l l  
prevent proper operation. 

b. Target Proof Test - The Target i s  driven by a servo-motor through 
a chain d r i v e  and gear box, This system has two functional r e -  
quirements t h a t  must be ve r i f i ed ,  The requirements and associated 
tests are as follows: 

i. Requirement: The Target must be capable of r o t a t i n g  
a t  up t o  36 rpm i n  e i t h e r  d i rec t ion .  

Test Procedure: Usins a var iab le  voltage power supply, 
apply DC voltage t o  the  Target sp in  
d r ive  motor. 
counting revolutions for  a three-minute 
i n t e r v a l ,  determine rpm a t  0,  +1/3, - +2/3, and + m a x i m u m  d r ive  voltage (unless 
36 rpm i s  reached a t  l e s s  than maximum 
voltage). 

Using a stop watch and 

The t e s t  r e s u l t s  w i l l  be termed satis- 
fac tory  i f  t he  Target achieves 36 rpm 
a t  o r  below maximum d r i v e  voltage i n  
each d i rec t ion .  T e s t  documentation 
w i l l  include a desc r ip t ion  of t he  t e s t  
and a p l o t  of rpm versus applied voltage 
on t h e  Target sp in  d r i v e  motor, 

ii. Requirement: The Target d r ive  s h a l l  be capable of 
de l iver ing  up t o  f i f t e e n  foot-pounds of 
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torque t o  t h e  Target about the  spin axis 
of the Target. 

ii. Test Procedure: Using a torque drag device,  apply a t  
least f i f t e e n  foot-pounds of torque 
t o  the Target support s t ruc tu re  where 
i t  at taches t o  the Target cylinder 's  
s t ruc ture .  Verify, f o r  a minimum of 
three  minutes, t h a t  the Target d r ive  
can maintain 0, 218, and 236 rpm while 
operating against  the  torque load. 

The test  r e s u l t s  w i l l  be termed satis- 
factory i f  the  d r ive  maintains these 
rpm leve ls  while combating the applied 
torque load. T e s t  documentation w i l l  
include a descr ip t ion  of the  test  and 
a p lo t  of the  voltage required a t  the 
given rpm l eve l s  t o  operate  under the 
specif ied torque load. 

2. Proof T e s t  Results 

a. EMHD Spin Drive - Requirement Number i - Using the  EMHD sp in  
d r ive  cont ro l  mmmted i n  the CSM mockup, power was applied t o  
the sp in  d r ive  motors with the EMHD mounted i n  the  SOS i n  the  
two-arm (closed) configuration. 
continuously t o  the f i e l d s  of the d r ive  motors. Armature 
voltage w a s  measured with a Simpson 260 multimeter connected 
across  the  armature input leads a t  the  terminal block on the  
EMHD boom. Figure 44 ind ica tes  the  applied armature voltage 
(both motors had equal armature voltage) versus the spin rate. 
A plus r o t a t i o n  is  clockwise as  viewed from the  cockpit. Each 
spin rate w a s  measured for  three minutes. Figure 44 a l so  pre-  
sen ts  the  t o t a l  amperage drawn by the spin d r ive  system. 

Twenty-eight v o l t s  w a s  applied 

This test  proved the capab i l i t y  t o  achieve 36 rpm a t  28 v o l t s  
or  less i n  both r o t a t i o n  d i rec t ions .  

b. EMHD Spin Drive, Requirement Number iZ -The de-spin/spin-up 
torque capab i l i t y  of the EMHD was proved with the two-arm 
configurat ion mounted i n  the simulator. With the  arms closed 
and t h e  plane of the arms p a r a l l e l  t o  the f loor ,  power w a s  applied 
t o  the  sp in  d r i v e  u n t i l  the  arms' s t a r t e d  r o t a t i n g  with no load 
other  than the a r m  load on the  head support bearing. 
tu re  voltage (measured a t  the armature input leads) and t o t a l  
sp in  d r ive  amperage requirements for  t h i s  operat ion are l i s t e d  
i n  Table 111 uader the  zero (0) load category. 

The arma- 
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Armature 
12 

10 

8 

o l t age  

-40 -35 I -20 -23 I -29 I -15 -10 I -5 I I 

5’ i o  i 5  20 25 50 j 5  l o  
-- 2 Spin Rate (rpm) 

P/i12) 
/ - -6 

- -8 Note : Numbers i n  parentheses 
are the  t o t a l  amperes 
supplied by the  28 VDC - -10 supply t o  the  motor 
f i e l d s  and the  sp in  

- -12 d r i v e  power con t ro l  
system. 

Figure 44 EMHD Proof Test, Armature Voltage verses  
Spin Rate 
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load, Voltage and system cur ren t  

These r e s u l t s  s a t i s f i e d  the  requirement t h a t  t he  EMHD spin dr ive  
be ab le  t o  supply a t  l e a s t  f i f t e e n  foot pounds of torque with a 
motor voltage of 28V o r  less. 

Table I11 Spin Drive Torque Test Results 

Lo ad 
(f t -1b) 

Rot a t  ion Armature System 
Voltage Amps 

P 4- ! 0.9 I 10 I 
0 

15 

15 

- 0.8 10 

4- 1.5 20 

- 1.4 20 

108 



Pad 

F 

Figure 45 Pad Separation 

The test  technique consisted of ac tua t ing  arm c losu re  with 
25V applied t o  the  l i n e a r  actuator.  F was increased and t h e  
arms s t a l l e d  a t  t h e  various pad separations.  F was decreased 
a t  these  poin ts  u n t i l  t h e  arms s t a r t e d  c los ing  again. 
gives information on both s t a l l  and restart force capab i l i t y  
a t  t he  c a l i b r a t i o n  point. Note t h a t  i f  F/2 was applied t o  
each pad (pulling outward on each pad), t he  ac tua tor  would 
s ta l l  o r  s tar t  i n  the same manner. Therefore F/2 i s  the  
clamping force. The s ta l l  force  represents  t he  individual 
pad clamping force  tha t  would be exerted i f  t he  arms were 
closed on a - t a r g e t  having a r e s i l i e n t  surface with character-  
istics l i k e  t h e  spring scale. 
clamped harder, 

This 

A more r i g i d  t a r g e t  would be 

The test r e s u l t s ,  which s a t i s f y  t h e  requirement t o  produce ten 
pounds of clamping force a t  one-foot pad separation, are pre- 
sented i n  Table IV. 

109 



e. Overall EMHD Checks - In  addition t o  the  quan t i t a t ive  tests 
described previously, t h e  EMHD was subjected t o  an o v e r a l l .  
dynamic and v i sua l  checks following assembly. No in te r fe rences ,  
binding, o r  o ther  de l e t e r ious  fea tures  were iden t i f i ed .  All 
spring motions, r o l l e r s ,  *tracks,  bearings, bushings, and 
electrical contac ts  performed as desired,  

f .  Target Spin Drive - Requirements number i and ii - The composite 
tests were performed with a Westamp A575 SCR amplifier (400 cps) 
dr iv ing  the  Diehl FD84 motor through an RC buf fer  network, 
system w a s  operated i n  the  rate coa t ro l  mode. Voltage and 
cu r ren t  measurements were made with Simpson 260 multimeters. 
The 'c i rcu i t  is  shown i n  Figure 4 6 .  
4-21.5 - rpm (at  load). 
v o l t s  fo r  221.5 rpm. 
diameter pulley. 

The 

The AC t ach  had an output of 
The DC tach had an output of 4-37.0 and -37.3 
TI& load was 15 f t .  lbs. applied on a 6 inch 

Test r e s u l t s  are given i n  Table V. 

Following these t e s t s ,  a load of 15 f t .  lbs.  w a s  applied and 
pulley was ro ta ted  a t  40 rpm f o r  a period of 6 minutes. 
excessive motor heating w a s  observed. An opinion was formed 
t h a t  the  motor could maintain t h i s  power output for  a t  least 
20 minutes without exceeding ra ted  temperature.l imits.  
rates the  motor a t  0.2 hp ' fo r  35 minutes without damake). 

No 

(Diehl 

These t e s t s  proved th2  capab i l i t y  t o  r o t a t e  the  Target i n  ex- 
cess  of 36 rpm (requirement i) and t o  supply f i f t e e n  foot-pounds 
of torque throughout t h i s  range (requirement ii). 
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Table V Target Drive Proof Test 

m r e e  minutes a t  each level 
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SECTION V 

EX3XRIMENT DESIGN FOR EMHD EVALUATION 

1. Simulation Philosophy and Ground Rules 

It was not f e l t  necessary t o  incorporate t o t a l  CSM/EMHD/Target 
system dynamics i n t o  the simulation t o  determine EMHD operat ional  
c h a r a c t e r i s t i c s  t h a t  would enable development of an Advanced Material 
Handling Device (AMHD). The complexity of a t o t a l  dynamic representa- 
t i on  led t o  the  decis ion not  t o  simulate, for  example, cross-coupling 
i n  the CSM dynamics, gue1 s losh disturbances,  and the  e ight  (8) degree 
th rus t  misalignment about the CSM pi tch  ( 0 )  and yax (If) axes. The 
vehicle  simulated, therefore ,  i s  of the CSM class ra ther  than the 
CSM exp l i c i t l y .  

The simulation features  f e l t  necessary t o  insure a realist ic evalua- 
t i o n  of t he  EM!dD were: 
t i on ,  2)  Correct P i lo t  and EMHD Operator pos i t ion  i n  the CSM mockup 
r e l a t i v e  t o  the docking windows and the r e su l t i ng  f i e l d  of view, 3) mini- 
mum non-rea l i s t ic  v i sua l  cues and 4 )  proper t a rge t  l igh t ing .  

1) required CSM/EMHD/Target dynamic representa- 

Two ground r u l e s  were appl icable  t o  the CSM P i lo t  and EKD Operator, 
They were: 
preferred and 2) any unintent ional  bumping of the  t a rge t  cons t i tu ted  a 
c o l l i s f o n  and an unsuccessful attempt a t  t a rge t  attachment. 

1) subjects  could use whichever CSM a t t i t u d e  cont ro l  mode they 

2,  Simulation Hardware 

A flow diagram showing the simulation logic  process i s  i l l u s t r a t e d  
i n  Figure 47. The cha r t  a l so  implies the supplementary hardware necessary 
t o  enable E m  evaluation. 
can be grouped and discussed i n  the following order: a) CSM Mockup, 
b) Load Cel l  Array, c )  SOS six-degree-of-freedom simulator,  d) Analog 
computer and da ta  systems and e )  Simulation l ight ing.  

For the  purposes of t h i s  repor t  t h i s  hardware 

a. CSM Mockup - The CSM mockup was b u i l t  t o  f u l l  s ca l e  dimensions. 
The l e f t  hand couch w a s  occuphed by the CSM P i l o t  and the r i g h t  hand couch 
by the EMID Operator, 
t o  t h a t  i n  the  ac tua l  CSM with couches i n  the  docking posi t ion.  
docking windows were b u i l t  t o  dupl ica te  the required f i e l d  of view shown 
i n  Figure 33 'sy placing a gr id  a t  the cor rec t  dis tance forward of the  
P i l o t  and EMH!) Operator eye posi t ions and s i z ing  the windows as required. 
Shoulder harnesses were used i n  conjunction with the couches t o  ensure 
t h a t  the P i l o t  and EP"MD Operators'eyes remained i n  the co r rec t  posi t ion.  
Figures 4 8 ,  49 and 50 i l l u s t r a t e  the  CSM P i l o t  and EMHD Oparator f i e l d s  
of view, 

The couch pos i t ion  and o r i en ta t ion  corresponded 
The 

113 



rl 
rl 
ld 
3 

& 

114 



c rn 



116 



7 



The CSM P i l o t ' s  con t ro l  functions c o n s i s t  of manipulating two 
con t ro l  s t ic  
t r o l  which f 

o r  direct. . T 
th rus t e r s  used i 

CSM con t ro l  functions. Figure 51 shows t h e  CSM P i l o t  and EMHD Operator 
cockpit s t a t  ions and c ontro 1 hardware. 

Load Cel l  Array - The EMHD was i n s t a l l e d  on a load cel l  a r ray  b. 
t o  obtain forces and moments generated due t o  EMWD/Target contact. 

The a r r ay  i s  composed of s i x  load cells ,  each of which i s  designated 
as a type USGl made by BLH Elec t ronics ,  a d iv i s ion  of Baldwin-Lima- 
Hamilton Corporation of Waltham, Mass. The ar ray  geometry i s  shown i n  
Figure 52. Force and moment reso lu t ion  equations are:  

= Sin45'(sin60 b )(F3 
FXL 

= sin45' [ F ~  - F~ + FYL 

= sin45O ( F ~  + F* + FZL 

- F4 - F5 + F6) 

sin30 0 ( - F ~  + F4 - F5 + F6)] 

F3 + F4 + F5 -1- F6) 

%L = sin4So(K ) (  4 -k F5 - F5 .. F6) 

~y~ = sin45 0 ( K ~ )  [F1 + F~ - sin30°(F + F~ + F~ -t- F6)] 
3 

= sin45O(K1)(-F1 4- F2 - F3 -1- F4 - F5 + F6) %L 

These equations are used t o  generate t h e  t a r g e t  and CSM i n t e rac t ion  forces 
and moments as presentgd i n  Section V.3 and the r e s u l t a n t  dynamics are 
hcorpora t ed  i n t o  t h e  t a r g e t  motion. 
w a s  ca l ib ra t ed  i n  both d i r ec t ions  for  a l l  axes. It was found. t h a t  t he  
a r ray  would ' reso lve  each c a l i b r a t i o n  force  to:  within two (2) degrees 
of i t s  co r rec t  d i r e c t i o n  and wi th in  th ree  (3) percent of i t s  co r rec t  
magnitude. Figures 53 and 54 i l l u s t r a t e  t y p i c a l  d a t a  obtakned while 
c a l i b r a t i n g  -1-F 
through i t s  geometric cen te r  (Figure 52) i n  the  des i red  d i r e c t i o n  with 

function of applied c a l i b r a t i o n  load.. Figure 54 ows t he  method 
of obtaining the  mechanical in te rac t ions .  Since the  t e r ac t ions  were 
s m a l l ,  the  dec is ion  was made t o  accept th ree  (3) percent force and 
moment e r ro r s .  During t s'imulation, t h ree  check loads were applied 
t o  the  sis  i n  order t o  maintain a cont inua l  check 
on i t s  
array. 

Load c e l l  force  and moment output 

The method of c a l i b r a t i o n  was  t o  load the  a r r ay  ZL. 
h t s .  Figure 53 shows t h e  a r r ay  indicated load as a 

Figure 55 shows the  EMHD mounted on the load ce l l  
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Array Geometric Center 

I I 

K = 1.50 ft. 

5 = .75 Ft. 
K3 = 1.30 Ft. 

1 

Figure 52 Load Cell Array Geometry 

120 



0 
0 m 

0 
0 m 

0 
0 
hl 

0 
0 
rl 

0 co 

0 
\D 

0 
4- 

0 
hl 

0 0  0 0 0  2 "  m 4 - N  

121 



I I I I I I , \a  
0 0 

h \o 
I I 

0 
rr) 

I 

0 0 
rr) 7 I 

9 
c-4 

I 

0 
rr) 

r-l 
I I 

0 
0 
rr) 

0 
0 
hl 

0 
0 
r( 

0 
03 

0 
\o 

0 
.;t 

0 
hl 

C 
0 

.A 
L) 

$4 aJ u c 
H 

2 

cd 

122 



\ 
\ 

I I  

0 4  

\ a 
\ 
\ 
a\ 

\ 
\ 
""\ 

\ 
\ 

I I I I 1 la 
0 
N 

0 00 e 4 . m  . . 
d 

GI 
crN 
al 
k 
7 PI 
(d 

n 5  

-GI E 
crew 

(I] .d 
a 3  
l-l 

N k  

0 

c 
0 
.rl 
u 

k aJ 
U 
G 
H 

8 

. 
P 

123 



\ 

0 " 9  m o m  * . . . 
N d 4 O O 1  

n 
a 

8 

2 3 2 
U 

ld 

0 

.rl 
U 

k 
2 8 
3 U 
4 E 

H 

s 

3 
0 u 

124 



a J a J  
L I ,  

Q 

J I I i 

I I G '  I 

, <  
0 0 0 0 m 
4. cr) hl l-l 

.n 

U 
Fr 

I 

Y 
W 

FF' 

W 
0 0 

0 
l-l 

0 
.rl 
U 

t4 
al 
U 

0 fi 
\D H 

00 s 

. 
0 a 4. 

0 
hl 

125 



w 



c. SOS Six-degree-of-freedom Eimulator - The Martin Marietta 
Space Operations Simulator u t i l i z e s  the  "powered" simulation approach 
r a t h e r  than t h e  "free-motion" approach. 
praviding an 8640 cubic foot  maneuvering volume , 
i s  servo-driven i n  th ree  t r a n s l a t i o n a l  and three  
base of t h e  c a r r i a g e  t r a n s l a t e s  t h e  length of t h e  room 
as shown i n  Figure 47, and i s  dr iven  by four, one horsepower AC motors 
which engage two gear t racks  mounted on the  f loor .  
pedestal  translates on ro l le rs '  and rails  l a t e r a l l y  on the  base s t r u c t u r e  
and i s  driven by two, one horsepower AC servo-motors. 
simulation, the  t a rge t  was mounted i n  the gimbaled head which i s  located 
on t h e  f ron t  of  t he  pedestal  and i s  supported by a set of negator springs. 
This system e f fec t ive ly  counterbalances the  combined weight of  t h e  
gimbaled head and the  ta rge t .  
which engage two v e r t i c a l  gear t r acks  on the f ron t  of t he  pedestal ,  
provide servo-power f o r  v e r t i c a l  t r ans l a t ion .  
designed t o  provide m a x i m u m  t a rge t  frcedom of  motion and enable the 
t a r g e t  t o  be commanded i n  r o l l  rate ( 8 )  r a t h e r  than r o l l  pos i t ion  ( 8 ) .  
Motors and gear dr ives  are enclosed i n  t h e  gimbal s t ruc ture .  
gimble i s  driven by a one-quarter horsepower DC motor. Simulator per- 
formance i s  shown i n  Table V I .  

A 90 by 32 by 24 foot  room, 

The v e r t i c a l  

For the  EMHD 

Two, one-quar,ter horsepower DC motors, 

The gimbaled head w a s  

Each 

TABLE V I  SOS PERFORMANCE CHARACTERISTICS 

The SOS responds t o  pos i t ion ,  rate and acce lera t ion  commands with, 
approximately, 95% accuracy on o r  about a l l  axes.below the  l i m i t s  
spec i f ied  i n  Table V I .  The longitudinal pos i t ion  command (X ) w a s  
scaled t o  w / f t  wi th  the lateral  and v e r t i c a l  pos i t i on  com&ds 
(Yc and Zc, respsc t ive ly)  scaled to 10V/ft. 
(ec and 1 
command (@ scaled t o  1V/3 per sec. 

I '  

Gimbal p i t ch  and yaw commands 
.respectively) wege scaled t o  1V/deg and the  gimbal r o l l  rate 

C J  

During the  pre-simulation checkout, t he  s t a b i l i t y  of t he  closed- 
loop simulation w a s  investigated and appropriate compensation networks 
were added t o  handle t h e  dynamic ranges expected during t h e  EMHD t e s t s .  
The problem w a s  approached as described i n  t h e  following material, 
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Given a dynamic s i t u a t i o n  i n  space wher o passive bodies a r e  
coupled together and an i n i t i a l  disturbance i s  generated within the. 
system, a t r ans i en t  condition of damped o s c i l l a t o r y  motion w i l l  occur 
for  each of the  bodies. The behavior of t h i s  system i s  analog 
the closed loop response of a simple servo systemwhere s t a b i l  
always achieved because the gain of any loop i s  uni ty  o r  less a t  t he  
c r i t i c a l  frequencies. I n  a simulation involving the simulator and 
two passively in t e rac t ing  bodies, system s t a b i l i t y  i s  no longer promised. 
An addi t ional  s e r i e s  of elements (load c e l l s ,  computational f a c i l i t i e s ,  
power servos, etc.)  a r e  incorporated i n t o  the system and a r e l a t i v e l y  
complicated multi-loop configurat ion i s  obtained. 
system has numerous non- l inear i t ies ,  c r o s s  coupling e f f e c t s ,  response 
time lags ,  etc., which degrade idea l  performance and generate loop 
i n s t a b i l i t i e s  t h a t  are d i f f i c u l t  t o  correct,.  

This r e su l t an t  

A complete descr ip t ion  of the simulator system maneuvering a 
t a rge t  vehicle  and making physical contact with an approach vehicle  
through a grappling device would show t a rge t  i n e r t i a ,  t a rge t  moment of 
i n e r t i a  d iad ic ,  forces and moments i n  six axes, and a s ix  by six coupling 
matrix fo r  the  six degree-of-freedom displacements. To promote s i m p l i -  
c i t y  we w i l l  l i m i t  our discussion t o  t r ans l a t ion  on one axis only; but 
w e  w i l l  remember t h a t  i n  r e a l i t y  the system must be expanded t o  include 
six-degrees-of-motional-freedom A d  the moment of i n e r t i a  diadic.  The 
s implif ied block diagram i s  shown below i n  Figure 56. 

represents  t h a t  force due t o  i n i t i a l  condi t ions,  o r  vehicle  F I N  exc i ta t ion ,  applied t o  the load c e l l s  and t a rge t  vehicle  through the 
grappling device which a c t s  as  a mutual couplihg element. 
and -F ind ica te  t h a t  forces on the load c e l l s  and t a rge t  vehicle  are 
equal and opposite. The SOS i s  bas ica l ly  a c r i t i c a l l y  damped second 
order lag,  but  i t  also contains  s ign i f i can t  higher order lags ,  
mechanical resonances, and numerous non- l inear i t ies ,  The SOS frequency 
response i s  approximately l o o  t o  4.0 cps, depending upon the axis being 
considered, X i s  the displacement of the t a rge t  vehicle  due t o  the 
summation of forces (F ) ac t ing  on it. X i s  the displacement of the 
SOS due t o  forces ac t ing  on the load ce l l  array.  I i s  the difference 
between X and X It represents  a deviat ion from idea l  which must be 
minimized for  increased realism. 

The +F 

1 
T 2 

3 
1 2' 

It i s  apparent from the diagram tha t  the F IN - 3% FT - X1 - FR 
loop represents  a passive body and i s  the na tura l  response of the  t a rge t  
vehicle  which the SOS attempts t o  simulate. This means F and X must be 

S 3 

2 
minimized and X 

t o  modify the -F 

s t a b i l i t y  with a 
t o  s t a b i l i t y  w a s  

must approach X Fa i l ing  t h i s ,  it becomes necessary 

-- x - X3 - F - FT- X1- F loop t o  achieve 2 S R 
minimum degradation of the SOS response. 
two-fold: (1) w e  added a s e r i e s  second order lead- 

1' 

Our approach 
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Coupling Coefficients X 
FS of SOS t o  Target 

Vehicle 

of Target t o  Load 
Cells thru Grappling IN 

(Equations of Motion) 

I 

Figure 56 Simqtation S tabf l i ty  Block Diagram 

lag correction network t o  each SOS command as it l e f t  the computer t o  
decrease i t s  lag, and (2) w e  added an auxiliary o r  damping lead-lag 
network a t  the same location i n  the loop to  achieve s tab i l iz ing  phase 
lead a t  the frequency where in s t ab i l i t y  occurred. 

The second order lead-lag correction network has the two lead 
break points a t  the frequencies where that par t icular  SOS axis starts 
i t s  two lags. 
s f  five. This amount of correction appears beneficial  i n  every axis, 
but i s  not suff ic ient  t o  correct gross i n s t a b i l i t i e s  tha t  occur during 
grappling. 
t o  the exercise being performed. Additional high frequency rol l -off  

The lag points are increased i n  frequency by a factor 

The networks are ta i lored t o  each axis and are not peculiar 
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i s  used t o  p ro tec t  the SCR power ampl i f ie rs  on the  SOS from s t r a y  
electrical pickup and t r a n s i e n t s  which are enhanced by t h e  lead-lag 
networks 

The d'amping lead-lag network w a s  t a i l o r e d  t o  supply phase lead 
t o  the  system a t  the frequency where loop i n s t a b i l i t y  occurred during 
grappling. This frequency i s  determined by hardware c h a r a c t e r i s t i c s  
and problem dynamics and tends t o  be inde f in i t e .  It was necessary t o  
empirically der ive  both the  number and loca t ion  of the  frequency break 
points t h a t  gave optimum performance. Some axes required second order 
lead-lag damping networks, o thers  behaved wel l  with s ing le  order f i l t e r s ,  

The co r rec t ion  f i l t e r  and the  damping f i l t e r  fo r  each ax i s  were 
both mechanized i n  the  same manner. Each f i l t e r  network required a 
s ing le  amplifier i n  the  computer (with appropriate RC components) and 
the two were connected i n  s e r i e s  a t  t h e  computer output. Each SOS ax i s  
did not r equ i r e  the  same amount of cor rec t ion  and damping; the  reason 
for  t h i s  was not r e a d i l y  apparent and no inves t iga t ion  was performed. 
The fundamental c i r c u i t  fo r  e i t h e r  type of f i l t e r  i s  shown i n  Figure 57, 
A cha r t  showing frequency break poin ts  fo r  each a x i s  i s  a l s o  shown, 

Figure 57 SOS F i l t e r  Network 
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Table V I 1  Frequency Breakpoint for  SOS Axes* 

*Numbers i n  parenthesis i nd ica t e  number of break points.  

R, CL,  and C are se lec ted  t o  e s t a b l i s h  the  lead breakpoint, 
value of a es tab l i shed  t h e  l ag  breakpoint, 

The 
2 

Optimum s t a b i l i z a t i o n  f i l t e r s  d id  not ,  i n  a l l  cases, give acceptable 
performance. In  most axes SOS deadbands and hys t e re s i s  gave rise t o  
s m a l l  amplitude 1 i m i . t  cycling during grappling. 
e f f e c t  was amelioriated by incorporating amplitude l imited r a t e  damping 
i n t o  the computer f o r  each axis needing a t t en t ion .  
(subtracting an increment of ve loc i ty  whenever ve l  o c i t y  reverses d i rec-  
t ion)  w a s  a l s o  t r i e d ,  but i t  d id  not give acceptable r e s u l t s .  

This undesirable 

Impact damping 

d. Analog Computing and Data Systems - The CSM/EMHD/Target system 
dynamics were programmed i n t o  two slaved EA1 231-R analog computers such 
t h a t  the system dynamics were represented i n  the  t a r g e t  motion. The 
coordinate frames used i n  equation generation are defined i n  the  Simu- 
l a t i o n  Test Plan, Section V.3, as are t h e  SOS command equations. 

To ad jus t  fo r  load ce l l  a r r ay  thermal d r i f t  and r e s u l t i n g  SOS 
command d r i f t ,  computed forces and moments were nulled and in t eg ra to r s  
using these  forces and moments i n  SOS command generation were grounded 
u n t i l  j u s t  p r i o r  t o  an EMHDlTarget attachment a t t empt .  
a typ ica l  force  and moment nu l l ing  c i r c u i t .  
by a switch operated by the  Test Conductor. 

Figure 58 shows 
These c i r c u i t s  were cont ro l led  
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(Summer) 

Figure 58 Force and Moment Nulling Circuit 

Rate damping networks were utilized around selected load cell 
force integrators to enhance SOS post-contact stability, 
congributed a maximum amount of equivalent damping (g) equal to 0.1. 
This value is representative of mechanical systems similar to the EMHD. 
Figure 59 illustrates a typical rate damping circuit. 

The networks 

limited at 1 1 = 0-05 ftlsec 

Figure 59 Typical Rate Damping Network 

e. Simulation Lighting - Target illumination was obtained with a 
spotlight simulating a sun angle in the space environment of ten(l0) 
degrees ofset from the subjects' line of sight. 
located to the left of the CSM mockup and this was the only lighting 
used in the simulation. 
side is shown in Figure 60. 

The spotlight was 

Similar target illumination from the right 
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3. 
Martin Marietta Corporation was required t o  sub 
from MSFC of a Simulation T e s t  Plan (Ta 
complete version of t h a t  document 

Simulation Test Plan - Following the  completion of Task B, 
a& obta in  approval 
following i s  a 

The Experimental Material Handling Device (F;MHD) simulation fo r  
Contract No. NAS8-30069 w i l l  be conducted i n  the Martin Marietta 
Corporation's Space Operations Simulator (SOS). The EMHD w i l l  be 
mounted on load c e l l s  i n  f ron t  of a CSM mockup and the  Target w i l l  be 
mounted on the  SOS moving base. A l l  r e l a t i v e  motions, except for  EMHD 
spin,  between the  CSM/EMHD and the  Target w i l l  be implemented with 
the moving base. 

The left-hand test subject w i l l  cont ro l  the  CSM and the  r i g h t -  
hand subject w i l l  operate t h e  Em., 
with the t a r g e t  s t a r t i n g  a t  ranges up t o  approximately f i f t y  f e e t  
with a t t i t u d e  misalignments up t o  fo r ty - f ive  degrees, 2) pos i t ion  
the EMHD as c l o s e  as  poss ib le  to a prescribed pos i t ion  r e l a t i v e  t o  
the  t a r g e t ,  3) match the  EMHD sp in  rate t o  t h e  Target 's  sp in  rate 
( i f  necessary), 4 )  a t t a c h  t o  t h e  Target, and 5) despin the  Target 
( i f  required). 
these  s t eps  i n  reverse order. 

The test  subjec ts  w i l l  1) c l o s e  

The test  subjec ts  w i l l  a l s o  be required t o  perform 

Simulated Target masses w i l l  cover a ten-to-one range with the  
l a r g e s t  m a s s  being 140 s lugs  (weight = 4480 l b ) .  Moments of i n e r t i a  
w i l l  be varied over a corresponding range and Target sp in  rates w i l l  
be varied between 0 and 36 revolutions per minute. 

Three b a s i c a l l y  d i f f e r e n t  attachment modes w i l l  be investigated.  
In the  f i r s t ,  the  EMHD operator w i l l  c l o s e  the  mechanical arms t o  
g r i p  the  Target between the  a r m  end pads. 
t h i s  t a sk  w i l l  be a twelve-inch diameter cy l inder  and a twenty-four 
inch diameter octagonal'drum. For the second mode, t he  operator w i l l  
i n s e r t  the EMHD a r m  end hooks in to  a flange opening and g r i p  the  
Target by spreading the  hooks apart. 
s i d e  diameter flanges w i l l  be used. I n  the  t h i r d  mode, Velcro pads 
on the  EMHD w i l l  be pressed aga ins t  a f l a t ,  mating Velcro surface 
on t h e  Target. 

Target configurations fo r  

Eight-inch and twelve-inch ip- 

A l l  CSM maneuvering w i l l  be ca r r i ed  out with simulated RCS quads. 
Direct quad con t ro l  w i l l  be used f o r  CSM t r a n s l a t i o n  and pulse, rate, 
and d i r e c t  (acceleration) modes w i l l  be ava i lab le  fo r  a t t i t u d e  control.  

Data gathered from s t r i p  c h a r t s  and d i g i t a l  p r in tou t s  w i l l  include 

t forces and torques and determination of t yp ica l  RCS t h r u s t e r  
contact v e l o c i t i e s ,  alignment e r r o r s ,  EMHD sp in  rate e r r o r s ,  post-contact 

lse and f u e l  consumption p ro f i l e s .  
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Formal d a t a  gathering w i l l  take place during a two-week (ten 
working days)  period. 
hours (based on six hours of running during each of t he  ten  days). 
T e s t  subjects  w i l l  be allowed t o  p rac t i ce  during t h i s  time. 

This w i l l  give approximately s i x t y  f ly ing  

The f i r s t  week of da ta  gathering w i l l  be used t o  explore the  
ove ra l l  problem including closure,  alignment, attachment, and despinning 
using the previously-mentioned Target cha rac t e r i s t i c s ,  attachment 
modes, and CSM cont ro l  modes, The second week w i l l  be used t o  examine, 
i n  d e t a i l ,  those tasks  or  port ions of tasks  t h a t  appear t o  present 
the most d i f f i c u l t  EMHD-utilization problems as determined from the  
f i r s t  week of simulation runso 

The fclllowing pages contain the information used t o  program the 
analog computer fo r  the simulation. 

a,  Defini t ion of Terms -Figure 61 i l l u s t r a t e s  the simulator 
configuration t h a t  w i l l  be used. 
coordinate systems used i n  the program are shown. The following i s  
a l i s t  of t he  t e r m s  used i n  the computer program and da ta  recording 
(scale  fac tors  and/or l i m i t s  a r e  given where applicable) : 

The pos i t ive  axes of t he  various 

Xc = car r iage  longi tudinal  pos i t ion  command, 3V/Ft, - -t 30 Ft .  

= car r iage  lateral  pos i t ion  command, 10V/Ft, f 6 Ft. 

= car r iage  v e r t i c a l  pos i t ion  command, 10V/Ft, 5 6 F t  

yC 

zC 

% 

dc = gimbal yaw pos i t ion  command, lV/Deg, 5 45O 

0 
= gimbal p i tch  pos i t ion  command, lV/Deg, 2 45 

ic = gimbal r o l l  rate command, 1V/3' pe r  sec,  2 240°/sec 

XI = car r iage  longi tudinal  pos i t ion  readout, 3V/Ft, 5 30 F t  

= ca r r i age  lateral  pos i t ion  readout, 10V/Ft, 2 6 Ft 

= car r iage  v e r t i c a l  posi t ion readout, 10V/Ft, 3- 6 F t  zI 
VI = gimbal yaw pos i t ion  readout, lV/Deg, 3- 45O 

QI = gimbal p i t ch  pos i t ion  readout,  lV/Deg, 2 45' 

iI 
Xv = CSM cog ,  longi tudinal  pos i t ion  i n  room (constant) (approx. - 50') 

Yv = CSM c.g. l a t e r a l  pos i t ion  i n  room (constant) (approx. 0 ' )  

Zv = cSM c.g. v e r t i c a l  pos i t ion  i n  room (constant) (approx. 0 ')  

gimbal r o l l  r a t e  readout,  1V/3' per sec,  2 240°/sec 
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= XI = t a rge t  c.g. longi tudinal  pos i t ion  i n  room, 3.30 '  
xT 

YT = YI = t a rge t  c.g. l a t e r a l  pos i t ion  i n  room, 2 6 '  

ZT = ZI = t a rge t  c.g. v e r t i c a l  pos i t ion  i n  room, 5 6'  

X 

YLc = load c e l l  cen ter  lateral  pos i t ion  i n  room (constant)(approx. 0 ' )  

= load c e l l  cen ter  longi tudinal  pos i t ion  i n  room (constant)(approx. -30') 
LC 

= load c e l l  cen ter  v e r t i c a l  posi t ion i n  room (constant)(approx. -I-%') zLc 

MxL = moment about load c e l l  a r ray  X ax is  

% = moment about load c e l l  array Y axis 

MZL = moment about load c e l l  array 2 axis 

= force along load c e l l  a r ray  X axis 
FXL 

(2 200 F t  Lb) 

(4- 800 F t  Lb) 

(-I- 800 F t  Lb) 

t - 200 Lb) 

= force along load c e l l  a r ray  Y ax is  (2 200 Lh) 

= force along load c e l l  array 2 axis (5 200 Lb) 

moment on t a rge t  c.g. p a r a l l e l  t o  room X axis (f 200 F t  Lb) 
%T = 

%T = moment on t a rge t  c.g, p a r a l l e l  t o  room Y ax i s  (1 200 F t  Lb) 

= moment on t a rge t  c.g. paral le l  t o  room Z axis (2 200 F t  Lb) 

- 
FXT - -FXL 

- 
FYT - 'FYL 

- 
FZT - -FZL 

IT = moment of i n e r t i a  of i n e r t i a l l y  symmetric t a rge t ,  3 t o  3000 slug f t  

% = t a rge t  mass, 5 t o  140 s lugs 

I 

I. 

FYL 

FZL 

PlZT 

= force on t a rge t  paral le l  t o  room X (+ 200 Lb) 

= force on t a rge t  p a r a l l e l  t o  room Y (2 200 Lb) 

= force on t a rge t  p a r a l l e l  t o  room Z (2 200 Lb) 
2 

2 
= CSM r o l l  moment of i n e r t i a  = 19,000 s lug  f t  

= CSM p i tch  moment of i n e r t i a  = 50,000 s lug  f t  

2 
= CSM yaw moment of i n e r t i a  = 46,000 s lug  f t  

= CSM m a s s  = 1000 s lugs 

= thrusted accelerat ion along CSM X axis, 2: O.4'/sec 

xx 
2 

XY 

IZZ 

MC 

xv 
e o  2 
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2 

2 0.2'/sec 

.. 
Y 

2 "= th rus ted  acce lera t ion  along CSM 2 axis, 

= thrusted acce lera t ion  along CSM Y a x i s ,  ?0 .2 ' / sec  
V 

2 0 .  

V 
2 0 .  

= thrusted CSM yaw acce lera t ion ,  - 3. 1.6'/sec 
@V 

2 09 

8 = thrusted CSM p i t ch  acce lera t ion ,  3- - 1.5'/sec 
V 

2 0. 

8, = thrusted CSM r o l l  acce le ra t ion ,  2 3.9'/sec 

TX = CSM X t h r u s t  hand c o n t r o l l e r  command 

TY = CSM Y t h r u s t  hand c o n t r o l l e r  command 

TZ = CSM Z t h r u s t  hand c o n t r o l l e r  command 

TU = CSM yav t h r u s t  hand c o n t r o l l e r  command 

T8 = CSM p i t ch  t h r u s t  hand con t ro l l e r  command 

Tg = CSM r o l l  t h r u s t  hand c o n t r o l l e r  command 

MS: t h r u s t  mode select s igna l  (pulse, rate, accel.) 

Xo = t a r g e t  i n i t i a l  longi tudina l  pos i t ion ,  2 30' 

= t a r g e t  i n i t i a l  lateral pos i t ion ,  5 6 '  

Zo = t a r g e t  i n i t i a l  v e r t i c a l  pos i t ion ,  5 6' 

do = t a r g e t  i n i t i a l  yaw pos i t ion ,  2 45' 

= t a r g e t  i n i t i a l  p i t ch  pos i t ion ,  45' 

io = t a r g e t  i n i t i a l  r o l l  rate, 5 240°/sec 

a = EMHD a r m  open angle 

W = EMHD sp in  r a t e  

f l  = EMHD No. 1 pad force 

f2 = EMHD No. 2 pad force  

S1- S = Miscellaneous EMHD sensor readouts 4 

= XI - X 
Ym = YI - Y 

= ZI - Z 

= Target/CSM cog.  X separation (25' t o  80') 

= Target/CSM c.g. Y separation (-6' t o  4-6') 

= Target/CSM c.g. 2 separation (-6' t o  4-67) 

xvT V 

zvT V 

V 

sT = XI - XLc = Load ce l l /Targe t  cog. X separation (6' t o  60') 

= Load ce l l /Targe t  cog .  2 separa t ion  (-7' t o  4-6') 'LT = 'I - 'LC 
* The s i m l a t o r  information flow is s h m  i n  Figure 62. 
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b, Thrust Logic - The CSM w i l l  have t r a n s l a t i o n  and r o t a t i o n  
con t ro l  capab i l i t y ,  
t r a n s l a t i o n  hand c o n t r o l l e r s  b u i l t  by Department 1640. 

The cockpit  mockup w i l l  conta in  the  a t t i t u d e  and 

switches on each ax 

The a t t i t u d e  hand c o n t r o l l e r  i s  a three axis device with poten- 
tiometers on each axis. - 20 v o l t s  depending on the  d i r e c t i o n  of s t i c k  motion. 
l i m i t s ,  the  voltage output i s  proportional t o  s t i c k  de f l ec t ion  with the  
exception t h a t  t he  zero s t i c k  pos i t i on  leaves up t o  5 0.7 v o l t s  output 
on t h e  axes due t o  mechanical h y s t e r i s i s  i n  the  s t i c k  linkage. 

F u l l  de f l ec t ion  on an axis produces e i t h e r  4- or 
Between these 

Three CSM a t t i t u d e  con t ro l  modes will be used i n  the  program: pulse,  
rate, and d i r e c t  (acceleration),  The cockpit  w i l l  have a mode select 
(MS) switch t h a t  w i l l  send t h e  MS s igna l  t o  the  computer as shown i n  

Table IX At t i tude  Mode Control 
I I 

Tabie M. 
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It may be advisable t o  set the  r e l a y  t r i g g e r  voltages a t  some value 
under lOOV t o  i n su re  p o s i t i v e  operation. 

h l s e  Generator 

8 = 4- 1.5 deglsec 2 w 

v -  
-%V T@ ~~ -- -V O k V  for 0.10 t o  0.25 sec 

The general c h a r a c t e r i s t i c s  of the  three  modes a re  as follows: 

8.  

V 
B 

i 

Pulse: Each t i m e  t h e  s t i c k  i s  displaced out  of n u l l  and passes - out through the  4V (3. or  -) pos i t ion ,  a t h r u s t  pulse 
l a s t i n g  0.10 t;o 0.25 second ( t h i s  dura t ion  should be 
r ead i ly  va r i ab le  on the  computer) i s  generated on t h a t  
axis. Another pulse may not  be generated on tha t  ax i s  
u n t i l  t he  s t i c k  i s  returned t o  the  n u l l  pos i t ion  on 
t h a t  axis. A l l  axes a c t  independently. 

The Pulse mode i s  shown i n  c i r c u i t  form i n  Figure 63 

$ = 3- 3 .9  deglsec’ and 

pulse i n t e r v a l  equal on a l l  axes.) 

Figure 63 CSM At t i tude  Control, Pulse Mode Schematic 

Rate : In  t h i s  mode, t h e  CSM accelerates a t  i t s  fixed l eve l s ;  

pv = 2: 1.6 deglsec 

zv = - 3. 1.5 deglsec‘ and 

0 = 4- 3 . 9  deg/sec 

2 0 .  

2 
v -  . 

u n t i l  t he  CSM body a t t i t u d e  rates (dv, QV, 8 V ) reach a l e v e l  

proportional to  t h e  s t i c k  displacement (voltage) i n  excess of one v o l t  
on each ax i s  ( latter fea ture-due  t o  t h e  zero h y s t e r i s i s  described pre- 
viously),  as shown i n  Figure 64 
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a = 0.1 deg/sec (0.2~) 

(same implementation fo r  yaw and r o l l  except for  t h e  d i f f e r e n t ,  f ixed 
output acce lera t ion  leve ls ) .  

Figure 64 CSM At t i t ude  Control, Rate Mode Schematic 

Direct: In  t h i s  mode, t he  CSM acce lera tes  continuously i n  yaw, p i tch ,  
o r  r o l l  whenever the  s t i c k  i s  def lec ted  p a s t  t he  3 v o l t  

(+ o r  -) pos i t ion  on the  corresponding axis as shown i n  
Figure 65. The acce lera t ion  l eve l s  are fixed a t  the same l eve l s  
given i n  the  r a t e  mode desc r ip t ion  
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(same impbmentation fo r  Td and T$ except for  the acdelerat ion leve ls ;  

2 3 . 3 . 9  deg/sec ). 2 me u,, = 2: 1.6 deg/sec , $ - 
Figure 65 CSM At t i tude  Control, Direct  Mode Schematic .. . a  .. 

w i l l  feed i n t o  the equations of motion given 
@Vl 

These values of d,, Ov, 
i n  the next section. 

c. Equations of Motion - In  the simulation, a l l  of t he  r e l a t i v e  
motions between the  CSM and the Target are generated by moving the  Target 
with the  gimbals and carr iage.  Therefore, the  Target w i l l  move to :  
1) provide the reverse  of the'  CSMs motion in space (caused by thrusting 
and post-contact forces and torques according t o  i t s  own mass, i n e r t i a ,  
and angular momentum paFameters. The Target may b e  spinning p r io r  t o  
contact  (pot s e t t i ng :  I f  i t  i s ,  one goal of the 
test  run w i l l  be t o  a l ign  the EMF6 (CSM) X axis t o  t h i s  sp in  axis before 
coatact .  
p i tch  precession i n - t h e  Target ' s  motion and t h i s  e f f e c t  i s  included i n  
the equations (see $ 

(bo = 0 t o  3. 250°/sec). 

Off-axis contact  torques on the Target w i l l  induce yaw and 

and BN). N 
However, yaw and p i t ch  cross-coupling i n t o  r o l l  a r e  not included 

s ince  any s ign i f i can t ,  unchecked (not counteracted by EMHD grappling 
torques) yaw and p i t ch  rates w i l l  s top the  test when the  gimbal l i m i t s  are 
reached (ygw a n d k r  p i t c h  = 5 45') o r  the induced precession cone angle 
exceeds 10 - 20 . 
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The spec i f i c  command equations t h a t  
follows (see DEFINITION OF TERMS 
fo r  l i m i t s ,  s c a l e  f ac to r s ,  and s i g  

Note: Td = 
V 

s may be obtained a f t e r  the  f i r s t  i n t eg ra t ion  
i n  the  Tdc logic.  

d t  
V 

These i n t e g r a l s  are ava i lab le  i n  the  9 logic.  
C 

Note: I n  the  following equations; Sd, Cd, S0 are the  s ines  and 
cosines of d and 0 I’ I 



. 
Note: The $ equation i s  given later i n  t h i s  sec t ion ,  N 

Q C = Q 0 +J(/Qvdt 50,000 FzT 

Note: The 8 equation i s  given later i n  t h i s  section. N 

. 
(d (Note t h a t  t h i s  i s  a r a t e  command) 

C 

M 
i C = go + (i V - 1 5 7 . 3  I T  d t )  %.+ (6  V 

Note: In  the  following equations; 

!hJ M M 
8N = / ( s E ) d t  - Cd 1 5 7 . 3  e d t  + Sd J57.3 7 d t  

= {(-)dt %e, + 1 5 7 . 3  & d t  - seed [57.3% d t  
I T  I T  57,3 

- sesd /,,.3 5 d t  
I T  CQ 

The moments on the  t a r g e t  due t o  moments 
are given by: 

MZT = - NZL + F ~ ~ X L ~  - XL LT 

and forces on the load cells 
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SECTION V I  

EMHI) TEST RESULTS 

1. Tabulated Quant i ta t ive  Data 

Data were obtained using s t r ip -cha r t  recorders monitoring computer 
output. Twenty-four parameters were recorded i n  r e a l  time. Figure 66 
shows typica l  da ta  obtained during a run. 

Twenty-seven (27) d i f f e ren t  runs were assigned t o  the test sub- 
jects. Three t e s t  subjec ts  p a r t i -  
c ipated i n  the simulation. 
with f i v e  addi t ional  years  experience f ly ing  CSM rendezvous and dock- 
ing simulators. The two other  test  subjects  were Martin Marietta 
engineers, one of whom has a Commercial P i l o t  l i cense  ra ted  for  ins t ru-  
ment f l i g h t  and the second has seven years  experience with Martin 
Marietta simulator operation, 
fourteen (114) da ta  runs covering the twenty-seven tasks.  Subjects 
took turns  f ly ing  the CSM and cont ro l l ing  the EMHD. However, the most 
experienced subject  (Mr. W, T. Armstrong) control led the  CSM for  j u s t  
over one-half of the da ta  runs. Table X I  presents  the  t e s t  subject  
groups and the da ta  runs they made. 

Table X presents  t he  run p ro f i l e .  
One w a s  an experienced mi l i t a ry  T e s t  P i l o t  

These subjects  made one-hundred and 

Tables X I 1  through X V I  present  the da ta  obGained grouped accord- 
ing t o  the attachment mode being used, 
th ree  t i m e s  f o r  each group of subjects .  

Generally, each run w a s  made 

Tables X V I I  through XXI present the  same data discussed above 
with the exception t h a t  the subject  group attempts a t  each run are 
averaged. Table XXII presents  these  da ta  averaged over t h e  four test  
subject  groups. 

In  Tables X V I I  through XXII the time colume indica tes  the average 
f ly ing  t i m e  required before contact  w a s  made with the  Targeto 
e r ro r s  (X, Y, 2, 8 and d) are the average contact  condithong with- the 
s igns of the e r ro r s  included. Translat ion rate e r ro r s  (X, Y and 2) 
are the  averages of t he  absolute values of the individual r a t e  errors .  
Force (F) and moment (M) d a t a  are averaged by absolute  value, The 
axes (X, Y ,  Z, 0, 8 and d) r e f e r  t o  the axes i n  the room and i n  the 
Target t h a t  a r e  p a r a l l e l  t o  the CSM's longi tudinal ,  lateral, v e r t i c a l ,  
r o l l ,  p i t ch  and yaw axes respect ively.  Average de-spin t i m e s  take 
only successful a t t e m p t s  i n t o  account. 

Posi t ion 

In  addi t ion t o  the  tabulated runs,  the t e s t  subjec ts  made s i x  (6) 
attempts t o  clamp the octagonal box with a Target mas9 of two-hundred 
and f i v e  kilograms (fourteen slugs) and a spin r a t e  ($) of two-hundred 
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and s ix teen  (216) degrees p e r  second, They were unsuccessful i n  a l l  
six, inducing l a rge  nuta t ion  a t  t h e  moment of contact,  

For aJ-1 tests, the Target cen ter -of -gravi ty  (c .g.) was locsted a t  
the  gimbal center.  This places the c.g. seven-tenths (0.7) of a meter 
(2.3 f e e t )  behind the  f ron t  surface of t he  octagonal box. The X posi- 
t i o n  given i n  Table XXII i s  t h e  X pos i t ion  r e l a t i v e  t o  the  center  of 
the  s ides  of the octagonal box. 
t he  grappling mode used. Plus X is  toward t h e  r e a r  of t he  box. Flus 
Y and 2 mean, respec t ive ly ,  grappling the  t a r g e t  t o  t h e  r i g h t  and below 
t h e  EMHD axis. 
yawed t o  i t s  r i g h t ,  respectively.  

Therefore, the  X numbers vary with 

Plus 0 and d represent t a r g e t  f ront  pitched up and 

Data was a l so  taken t o  evaluate t h e  forces (F) and moments (M) 
generated on the  t a r g e t  during t ranspor t  operations. 
accomplished by placing t h e  t a r g e t  i n  the  EMHD gr ip ,  ac t iva t ing  the  
ava i l ab le  CSM cont ro l  functions and recording r e s u l t i n g  t a r g e t  forces 
and moments., The r e s u l t s  were cons is ten t  with those predicted i n  
Section 11, Following these tests, the  Target was spun-up t o  seventy- 
two (72) degrees pe r  second and released without inducing measurable 
nuta t ion ,  Target mass fo r  t h i s  t e s t  was five-hundred and eighty-four 
(584) kilograms ( fo r ty  slugs).  

This w a s  
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2. Subjective Data 

Subject ive da ta  concerning CSM and EMHD performance was obtained 
from a l l  t e s t  subjec ts  and is  re f l ec t ed  i n  Sect ion V I I I ,  Conclusions. 
One subject  possessed a la rge  amount of CSM Simulator and Test P i l o t  
experience. 
en t i r e ty .  

The following is t h a t  subjec t ' s  P i l o t  Report i n  its 

PILOT REPORT 

(W. T. Armstrong, Jr.) 

Introduct ion - During t h e  period of t he  cont rac t ,  one Martin Marietta 
research p i l o t  par t ic ipa ted  i n  a six-degree-of-freedom space simulation 
program at  the  Martin Denver f a c i l i t y ,  The purpose of t h i s  simulation 
w a s  t o  conduct a l imited evaluation of t he  f e a s i b i l i t y  of a proposed 
space-hardware r e t r i e v a l  and t ranspor ta t ion  systems with adaptive cap- 
a b i l i t y  t o  typ ica l  manned space vehicles  such as the  Apollo Command/ 
Service Module. 
simulation based on p i l o t  evaluation, 

This report  presents  the  q u a l i t a t i v e  r e s u l t s  of t h a t  

The primary f l igh t -or ien ted  object ives  of t h i s  simulation were: 

a )  To evaluate  the  s u i t a b i l i t y  of an Apollo-type f l i g h t  
cont ro l  system i n  performing t h e  rendezvous, s t a t i o n  keeping, and 
docking maneuvers required t o  capture typ ica l  space hardware t h a t  was 
e i t h e r  i n e r t i a l  o r  spin s t ab i l i zed .  

b) To determine t h e  relative f l i g h t  cont ro l  and alignment 
problems associated with various capture mechanisms. 

c) To assess the  n a t u r a l  v i s u a l  environment and determine 
requirements f o r  spec ia l  alignment a ids .  

Description of Equipment - The simulation program was conducted as 
a "pilot-in-the-loop" study which u t i l i z e d  analog computing techniques, 
t he  six-degree-of-freedom t ranspor t  r i g ,  and a fixed-base crew compart- 
ment s imu l a t  or. 

The crew compartment w a s  an Apollo Command Module mockup with 
representa t ive  docking windows, 
t o  provide a r e a l i s t i c  f i e l d  of view through the  windows. 
w a s  t he  f l igh t -cont ro l  s t a t i o n  and included an a t t i t u d e  and t r ans l a t ion  
con t ro l l e r  mounted on t h e  r i g h t  and l e f t  couch arm r e s t s ,  respect ively.  
The r i g h t  couch w a s  t he  EMHD cont ro l  s t a t i o n  and included the  cont ro ls  
and displays required f o r  EMHD operation. 

Two crew couches were i n s t a l l e d  so as 
The l e f t  couch 

The EMHD, consis t ing of a f ixed boom and r o t a t a b l e  adaptive-head, 
w a s  mounted on the  nose of the  Command Module wi th  the  boom extending 
along the  +X axis. 
the  X-X axis of t he  vehic le  with the  speed of ro t a t ion  i n f i n i t e l y  va r i ab le  
from zero t o  maximum ava i lab le  rate. 

The adaptive-head w a s  cont ro l lab le  i n  ro t a t ion  about 
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Two capture devices, a two-arm, symmetrical "C" clamp an 
form, four-pad compression-adhesive device were evaluated, 

sping a target 
or from the insid an oriface or f 

The target vehicle was mounted 
port rig and was configured as an e 
represent typical unmanned space hardware. 
docking face was varied throughout the simulation to include either 
the female portion of the Velcro adhesive, a grasping flange, or a 
clean face, depending upon the attachment method under investigation. 

The configuration of the 

Flight dynamics were provided by the moving base and analog computers. 
The Command Module was fixed-base with the attitude phase-plane and 
translation vectors superimposed on the transport rig. 
Command, Pulse, and Acceleration flight control modes of the Apollo 
CSM were provided, 
0.1 deg/sec. about the X-X axis. 

The Rate 

The attitude rate deadbands were mechanized at 

Simulation Program - There were three basic tasks associated with 
the simulation program: 
position relative to the target vehicle; to attach the flight module 
to the target vehicles; and to despin the target vehicle without in- 
ducing divergent nutations, 

To approach and stabilize in a station-keeping 

The three basic tasks were further divided into sub-tasks with 
27 different sets of conditions. These sub-tasks involved varying 
the mass, moments of inertia, and spin rate of the target; method of 
attachment; and the relative attitudes and position between the two 
vehicles. Due to limiting transport rig geometry, the maximum separa- 
tion distance investigated was approximately 45 feet. 

Pilot Comments and Recommendations - 
a) General - The simulator used for this investigation was an 

excellent device with which to analyze the concept of capturing space 
vehicles. 
sented and very little imagination was required to achieve realism, 
Although the flight module was fixed-base, the out-the-window display 
was effective to the point of inducing a feeling of actual motion in 
the pilot. 

The flight characteristics of the Apollo CSM were well repre- 

b) Lighting - Orbital lighting conditions were simulated 
through the use of a high-intensity flood light and appeared quite 

high sun angles. As is typical of artificial illumination, 
gles did not pres 
ects encountered exoatmospheric flight. 

t the brilliance nor sharply defined 
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c )  F l igh t  Control - Control of t h e  f l i g h t  module w a s  representa- 
t i v e  of t h e  Apollo CSpl and w a s  e a s i l y  accomplished, The lack of an 
a t t i t u d e  hold fea ture  complicated station-keeping s l i g h t l y  and induced 
a d e f i n i t e ,  although acceptable,  degradation t o  alighment accuracy 
during capture operations. It is  recommended t h a t  fu tu re  s tud ies  of 
t h i s  nature  provide f o r  an a t t i t u d e  hold capab i l i t y  i f  such capab i l i t y  
e x i s t s  o r  i s  expected t o  e x i s t  i n  t he  spacecraf t  being simulated, 

Alignment - Manual alignment between the  two vehicles  w a s  
general ly  acceptable but w a s  compromised by t h e  lack  of v i s u a l  a ids .  
During capture of i n e r t i a l l y  s t a b i l i z e d  t a rge t s ,  t h i s  lack  of a ids  did 
not induce s ign i f i can t  e r rors ;  however, on spinning t a rge t s ,  t h e  ro t a t ion  
of t he  capture device between the  p i l o t  and t h e  t a rge t  w a s  qu i t e  dis-  
t r a c t i n g  and tended t o  mask any buildup in  angular misalignment t h a t  
occurred during the  t i m e  required t o  match the  sp in  rate and e f f e c t  
capture with the  clamp o r  compression pads. It is  recommended t h a t  
fu tu re  s tud ies  of t h i s  nature  incorporate a two-body alignment system 
t h a t  u t i l i z e s  the  p i l o t ' s  l i n e - o f k i g h t  as the  reference axis. 

d) 

e )  Separation - A t  times it w a s  d i f f i c u l t  t o  estimate the  
separat ion dis tance between the  two vehicles.  
t r u e  with spinning t a rge t s  and when attempting ins ide  out attachments. 
A f ixed probe on the  end of the  boom would have been very usefu l  and i t  
i s  recommended t h a t  fu tu re  s tud ie s  incorporate a device of t h i s  nature.  

This was  espec ia l ly  

f )  
axis did not 
not possible  

Target Rotation - I n  general ,  target; ro t a t ion  about a s ing le  
present unsurmountable capture problems; however, it was 
t o  despin low-mass t a r g e t s  without inducing divergent 

nutations.  Due t o  t h e  two-point attachment system, t h i s  problem w a s  
an t ic ipa ted  and it is recommended t h a t  fu tu re  s tud ies  give consideration 
t o  a four-point cruciform configuration f o r  e i t h e r  ins ide  o r  outs ide 
attachment. 

g) Attachment - Of the  three  methods evaluated, t h e  inside- 
out (flange) attachment w a s  preferred,  This preference is  primarily 
based on the  improved alignment capab i l i t y  with a closed clamp as 
opposed t o  an open clamp where the  extended clamp arms c rea t e  f a l s e  
cueso 
were equally as good as the  closed clamp, but the  d i f f i c u l t y  encountered 
i n  maintaining attachment during despin operations induced excessive 
station-keeping cont ro l  inputs.  Although the  inside-out method of 
attachment w a s  preferred,  t he re  w a s  a s ign i f i can t  disadvantage t o  t h i s  
method i n  t h a t  t h e  tolerance t o  vehic le  separat ion dis tance during 
i n i t i a l  attachment operations w a s  considerably reduced. 
however, t h a t  t h i s  method be given fu r the r  consideration as it  i s  
compatible with the  i n s t i n c t i v e  react ions of a t ra ined  p i l o t  and it i s  
f e l t  t h a t  any disadvantages could be eliminated through a b e t t e r  attach- 
ment pad design. 

The four-point adhesive pad concept provided alignment cues t h a t  

It is  recommended, 

h) Post-Contact Dynamics - During t h e  evaluation of low-mass 
t a rge t s ,  several attempts were made t o  "fly-out" induced nutations.  In 



general ,  these  attempts were unsuccessful f o r  two reasons: The low 
torque-to-inertia values of t he  CSM cont ro l  system prevented matching 
the  nutat ion rates p r i o r  t o  the  onset of i n e r t i a  coupling, and t ransport  
r i g  dynamic feedback t h a t  would not have been present had the  f l i g h t  
vehic le  been moving r a the r  than fixed-base. It i s  concluded t h a t  p i l o t  
cont ro l  of post-contact dynamics is f eas ib l e  but probably not  advisable 
i n  t h e  general  case due t o  the  po ten t i a l  variance between f l i g h t  vehic le  
con t ro l  p w e r  and t a rge t  masslmoment of gyration charac te r i s t ics .  

i )  Attachment Technique - Three methods f o r  e f f ec t ive  attachment 
t o  spinning t a r g e t s  were evaluated. 
t o  the  t a rge t  with the  attachment device ro t a t ing  a t  the  proper r a t e ,  
The second method w a s  t o  approach the  t a r g e t  with a s ta t ionary  at tach-  
ment device, then match t a rge t  sp in  r a t e  during the  f i n a l  two t o  three  
f e e t  of closure.  
proper attachment pos i t ion  through vehic le  maneuvering, then match the 
spin r a t e  of t he  t a rge t .  
the  t h i r d  method w a s  preferred due t o  improved alignment cues. 

The f i r s t  consisted of an approach 

The t h i r d  w a s  t o  place the  attachment device i n  t h e  

Although a l l  th ree  methods were successful,  

j) Capture Operations - Although not included as a pa r t  of 
the  p i l o t  evaluation, it w a s  apparent t h a t  s ign i f i can t  d i f f i c u l t y  w a s  
encountered by t h e  boom operator when t ry ing  t o  e f f e c t  attachment a t  
t h e  higher sp in  rates0 
a spin rate f o r  t he  capture device t h a t  w a s  equal t o  the  sp in  r a t e  of 
the  t a rge t .  
e f f e c t  enabled s a t i s f a c t o r y  capture. This eechnique was not always 
e f f ec t ive ,  however. It is recommended t h a t  fu tu re  s tud ies  provide a 
v i s u a l  cue f o r  t h i s  task.  From the  l imited r e s u l t s  of t h i s  evaluation, 
i t  appeared t h a t  a cont ro l lab le- ra te  s t robe  l i g h t  would be highly 
e f fec t ive .  Also, a s t robe  could serve an addi t iona l  purpose of allow- 
ing de ta i led  s t i l l  photography o r  v i sua l  inspection of a ro t a t ing  body. 

This  w a s  due t o  the  d i f f i c u l t y  i n  es tab l i sh ing  

In  some cases,  bl inking the  eyes rap id ly  t o  c rea t e  a s t robe  

Conclusion - The concept of capturing and t ransport ing space hard- 
ware with a properly equipped manned spacecraf t  appears f eas ib l e  and 
should be a sub jec t  f o r  addi t iona l  invest igat ion.  
p rac t i ca l  appl icat ions f o r  such a capabi l i ty  i n  connection with t h e  
assembly, servicing,  and resupply of fu tu re  hardware configurations,  
In  pa r t i cu la r ,  t he  s impl i c i ty  of t h i s  concept plus  the  po ten t i a l  f o r  
reducing the  extent  of extra-vehicular crew a c t i v i t y  render it especial ly  
a t t r a c t i v e .  Such a capab i l i t y  must evolve i f  man's r o l e  i n  space i s  t o  
be f u l l y  exploited.  

There are many 
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SECTION V I 1  

Attachment 
Mode 

c 1 amp 

hook 

adhesive* 

a1 1 

ANALYSIS OF TEST RESULTS 

Percent Percent Successful 
Suc c es s f u l  No Target Spin Target Spinning 

66 82 50 

94 100 67 

2 1  55 8 

58 82 34 I 

1. Quant i ta t ive Data 

Table X X I I I  presents  the  percentage of completely successful runs 
fo r  t he  individual  clamping modes and for  a l l  modes combined. Columns 
are given for  non-spinning and spinning Targets, also. A successful 
run i s  defined as one where the t a rge t  was brought t o  a h a l t  (including 
de-spin i f  required) and firmly gripped by the  EMHD. 

* Velcro 

T i m e s  required for  the  closure maneuvers p r io r  t o  contact  were 
almost always between two and f ive  minutes. 
generally associated with alignment t o  a spinning ta rge t ,  

The longer times were 

Posi t ion e r ro r s  a t  contact  averaged less than f ive  (5) centimeters 
(0.17 foot)  on each axis. Figures 67 and 68 ind ica te  the d i s t r i b u t i o n  
of lateral (Y) and v e r t i c a l  (Z) pos i t ion  e r r o r s  a t  Target contact  for  
a l l  da t a  runs. 

Contact ve loc i t i e s  were on the order of two (2) centimeters pe r  
second (0.06 f e e t  per second) o r  less on a l l  axes except during the  
Velcro runs. During these,  a pos i t ive  c losure  ve loc i ty  along the X 
axis w a s  required t o  s e a t  the Velcro pads on the Target, 
averaging four ( 4 )  centimeters p e r  second (0.13 f e e t  per second) were 
used t o  do th i s .  

Veloci t ies  

On the  average, the Target was pitched nose-up three  (3) degrees 
and yawed r i g h t  one (1) degree a t  contact.  Deviations of f i v e  degrees 
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from these positions were easi ly  observable and were reduced prior t o  
contact. Figures 69 and 70 show the dis t r ibut ion of p i tch  (9) and 
yaw ($) errors  a t  Target contact irrespective of attachment mode. 

All completely successful de-spin operations occurred with a spin 
rate of eighteen (18) degrees per second. Several nearly successful 
de-spins were accomplished a t  seventy-two (72) degrees pe r  second with 
the a r m s  clamping the octagonal box. 
degree p e r  second rate was v i r tua l ly  impossible t o  handle. 

The two-hundred and sixteen (216) 

Maximum forces on the Target averaged under 100 newtons (22 pounds) 
on the Y and Z axes. 
twice as large due t o  the contact velocity along the l i ne  connectiag 
the CSM and Target centers. 

On the X axis, maximum forces were approximately 

Maximum moments on the Target averaged less  than s ix ty  (60) newton 
meters (44 foot pounds). 

. CSM thrusters  were on for  approximately twenty percent of the 
closure maneuvering t i m e .  For an average run of two-hundred (200) 
seconds, t h i s  would give for ty  (40)  seconds of thrust ,  almost a l l  of 
which u t i l i zed  two-hundred (200) pounds of  thrust  for Y, Z ,  pitch, 
and yaw acceleration. This represents a f u e l  impulse consumption of 
eight thousand (8000) pound-seconds. No attempt w a s  made t o  conserve 
fuel during any of the data runs. 

Transport, spin-up, and release functions were examined following 
completion of the data  runs. The five-hundred and eighty-four (584) 
kilogram (40 slugs) target  w a s  accurately positioned i n i t i a l l y  with the 
two arms clamping the octagonal box. CSM thrusters  were f i red for each 
of the t ranslat ion and a t t i tude  axes. The forces and moments on the 
Target were consistent- with those predicted i n  the Feasibi l i ty  Study 
(Task A),  Following th i s ,  the Target w a s  spun-up t o  seventy-two (72) 
degrees pe r  second and released and the CSM w a s  backed away. 
measurable nutation w a s  induced a t  release. 

No 

2. Subjective Data 

The subjects generally f e l t  tha t  the EMID w a s  an excellent device 
t o  examine the problems associated with material handling with a simple, 
manually controlled device. A l l  subjects E e l t  tha t  the f l i gh t  dynamics 
were adequately represented and tha t  l i t t l e  imagination w a s  necessary 
i n  the CSM t o  achieve a sense of realism. 
work load was generally moderate but increased with Target spin rate. 
The faster  spin rates were d i f f i c u l t  t o  handle with the two-arm head 
primarily because the Target's center of gravity could not be placed 
i n  the attachment plane and the attachment l ink  could not be rigidized 
adequately t o  prevent rotat ions about the axis connecting the two 
clamping pads. 

The C S M  Pi lo t  an EMHD Operator 
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Preference for  t he  flange/hook mode was expressed because it 
presented a b e t t e r  EMHD/Target r e l a t i v e  pos i t ion  reference. 
addition, it provided the  most r i g i d  attachment l ink.  

In  

The Velcro head w a s  easy t o  pos i t ion  but r equ i r  
con t ro l  of longi tudina l  axis v e l o c i t i e s  t o  seat t h e  
and keep it there. I n  the  successful runs, CSM X thrus  ses were 
used a f t e r  contact t o  seat t h e  pads be t t e r .  
must be timed accurately t o  prevent build-up of o s c i l l a t i o n s  i n  the 
pad-support springs. 

However, these pulses 

During clamping operations on spinning Targets, subjec ts  preferred 
keeping the  arms s t a t iona ry  i n  the  hor izonta l  (X, Y) plane u n t i l  j u s t  
p r i o r  t o  contact.  This preserved t h e i r  pos i t ion  reference as long as 
poss ib le  with the arms open. 
matching was not achieved. Subjects generally were ad jus t ing  the  phase 
of the  r o t a t i n g  a r m s  up u n t i l  t he  moment of contac t  i n  order t o  clamp 
on the  cen te r s  of t he  Target 's  f l a t  s ides .  

Because of t h i s ,  precise sp in  rate 

One of t he  d e l i b e r a t e  departures from tcue CSM conditions w a s  t he  
absence of an a t t i t u d e  pos i t ion  hold loop i n  the  r a t e  command mode. 
Because of t h i s ,  t h e  subjec ts  had to' ad jus t  fo r  e r r o r s  created by 
up t o  one-tenth (0.1) degree per  secand a t t i t u d e  d r i f t  rates. The 
subject with the  CSM simulator experience indicated t h a t  t he  tasks  
would be easier i f  t he  a t t i t u d e  pos i t ion  hold loop i s  included i n  the  
con t ro l  system of a material handling vehicle. 
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SECTION VI11 

CONCLUSIONS 

The F e a s i b i l i t y  Study (Task,A) indicated t h a t  a Man Rated F l igh t  
Material Handling Device'could be b u i l t  and used w i t h  a vehic le  such 
as the Apollo CSM. No s ign i f i can t  advances i n  the  s ta te -of - the-ar t  
of space hardware would be required t o  bui ld  such a device. 

Following approval of the F e a s i b i l i t y  Study r e s u l t s ,  the  EM!! 
w a s  fabr icated and tested.  These tests, of which f i f t y -e igh t  (58). 
percent were completely successful ,  confirmed t h a t  even with t h i s  
simple, manually-controlled device,  a va r i e ty  of t a rge t s  could be 
grappled and s t ab i l i zed  with the clamp, hook, and adhesive attachment 
modes. This ve r i f i ed  the  M€@MHD concept. The da ta  gathered during 
these tests w i l l  make possible  the  design and t e s t i n g  of a more ad- 
vanced device t h a t  w i l l  s i gn i f i can t ly  increase the percentage of 
successful attachment tasks .  

Among the recommended design improvements r e su l t i ng  from these 
EMHD tests are: 
extending forward along the EMHD axis t o  provide an axial pos i t ion  
reference a t  a l l  times, 2) increased pad area on the two-arm head t o  
increase i t s  torque capab i l i t y  about the axis connecting the  pads, 
3) lower force springs on the  adhesive pads t o  allow them t o  follow 
the Target motion more eas i ly ,  4) dampers on these spr ings,  5) wider 
and longer capture  spans on the  flange-attachment hooks t o  increase 
t h e i r  v i s i b i l i t y  from the  cockpit  and t o  decrease the  cont ro l  precis ion 
required on the vehic le ' s  longi tudinal  axis, and 6 )  v i sua l  a ids  o r  
equipment t o  assist i n  matching head and t a rge t  sp in  r a t e s .  

1) a co l l aps ib l e  probe such as a deHaviland Boom 

The next-generation device should a l so  include packaging and 
materials t h a t  w i l l  progress toward prototype f l i g h t  hardware char- 
ac teris t i c  s - 

The tests a l so  indicated t h a t  t he  c o n t r o l l a b i l i t y  of a vehic le  
such as the  CSM would s a t i s f y  the  requirements for  mater ia l  handling 
operations. 
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SECTION M 

RECOMMENDATIONS FOR ;EUTURE STUDIES 

The next study phase should c a r r y  t h e  Material  Handling Device (MHD) 
through the  preliminary f l i g h t  hardware prototype design. The elements 
of t h i s  phase should include: 

a. 

b. 

C. 

d o  

e. 

f .  

g. 

h. 

i. 

design (based on EMHD da ta) ,  f ab r i ca t ion ,  and test ,  under the  
same simulation conditions used f o r  t he  EMHD tests, an im-  
proved EMHD t o  test and v e r i f y  arm-end pad design, flange 
hook design, adhesive pad spring and damper c h a r a c t e r i s t i c s ,  
alignment a ids ,  and sp in  rate matching a ids ;  

ana lys i s  of the  in t eg ra t ion  and use of  manipulators and/or 
addi t iona l  arms t o  enhance post-attachment s t a b i l i t y ;  

de t a i l ed  ana lys i s ,  including c o s t s ,  of the  launch modes 
ava i l ab le  for  an MHD; 

ana lys i s  t o  determine the  optimum vehic le  t o  support the 
m; 
analys is  of t h e  MHD modifications necessary t o  adapt it 
t o  a l a rge ,  space s h u t t l e  vehicle;  

design and f ab r i ca t ion  of an advanced MHD incorporating 
packaging and mater ia l s  progressing toward f l i g h t  hardware; 

t e s t i n g  the  advanced MHD i n  a simulation tha t  is  similar 
t o  the  EMHD simulation, but more comprehensive i n  terms 
of dynamic accuracy, l i gh t ing ,  range and configuration of 
t a r g e t s ,  etc. ; 

analys is  of these test r e s u l t s ;  

design of a prototype, f l i g h t  hardware MHD with documentation 
t o  support the  functional aspects,  material and packaging 
choices, and an in t eg ra t ion  plan including cos t  estimates 
fo r  an experiment o r  d i r e c t  operational use of t h e  eventual 
f l i g h t  hardware. 
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